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ABSTRACT
Simultaneous Activation of Stable Molecules- Methane and Nitrogen- using Microwave reactor with and
without Plasma- to Produce Ethylene and Ammonia

Sarojini Tiwari

The discovery of stranded natural gas around the world has made shale gas cheaper and widely accessible.
This has driven the relevant research towards the direct utilization of Methane (CH4), a major component
of natural gas. CH4 is a highly stable molecule, hence its activation and consequent formation of valueadded chemicals in a direct and efficient manner is a relevant problem of the 21 st century. All the
commercial processes convert natural gas to chemicals indirectly, via the formation of syngas followed by
several reactions. The conventional systems are energy intensive and one of the major contributors to greenhouse gas emissions. Additionally, the transportation of the stranded natural gas to the current processing
plant face environmental challenges. The direct conversion of natural gas at the production stage can
potentially save energy, eliminate undesired side-products and the cost of transportation. This can be only
be achieved by building modular systems that are capable of process intensification. Microwave (MW)
heated and MW enhanced-plasma reactors falls in line with the principles of process intensification. They
offer fast process dynamics and flexibility, high product yield with least amount of unwanted by-products
and low maintenance cost. This dissertation utilize MW heated and MW enhanced-plasma reactors to
activate stable molecules (CH4 and N2) in a single-step direct reaction to simultaneously produce Ammonia
and Ethylene. Simulations and in-situ studies are conducted to establish the feasibility and the mechanisms
of the reaction system. The results from these studies are utilized to design and optimize heterogenous
catalyst, hence improving the reaction behavior and the product selectivity.
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“Budhi-Hin Tanu Janike, Sumirau Pavan Kumar.
Bal Budhi Vidya Dehu Mohe, Harahu Kalesa Vikar.”
(Knowing that this mind of mine has less intelligence, I remember the ‘Son of Wind’ who, granting
me strength, wisdom, and all kinds of knowledge, removes all my suffering and shortcomings)
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Introduction
Microwave (MW) technology, with or without plasma, is revolutionizing reaction engineering fields such
as methane dry reforming, chemical synthesis, biomass conversion, and waste treatment. They offer
sustainable, cleaner and efficient operations compared to conventional methods. MW heated and MW
enhanced-plasma reactions are more efficient when integrated with catalysts. The aim of this dissertation
is to simultaneously activate CH4 and N2 to co-produce ammonia and ethylene in a single-step MW reaction,
with and without plasma. This dissertation is divided into five chapters, each having its own topic related
to the overall objective.

In the first chapter of this dissertation, a thorough categorization and comparison of microwave plasmaassisted catalytic reactions are presented, while highlighting their contribution to an energy efficient and
sustainable future in chemical processing. An introduction on commercial applications of microwave
plasma technology is also presented to emphasize its advantages in modern industries. Microwave
irradiation can be used as a source of heat or plasma. The addition of heterogeneous catalyst to either
microwave heated or microwave enhanced plasma systems can lead to complex pathways in reaction
systems. A final section in this part is dedicated to comprehend this complexity in chemical reactions
occurring in microwave heated and microwave plasma-enhanced catalytic systems.

In the second chapter, MW catalytic reaction were carried out on K-promoted Ru/ɣAl2O3 catalyst to
synthesize ammonia from N2 and H2 at moderate temperatures and atmospheric pressure. The objective of
this chapter was to establish the feasibility of the activation of N2 on MW heated catalyst through
computational methods and their validation through experiments. Additionally, the MW exposed catalyst
was characterized using X-ray diffraction (XRD) to highlight the changes in the crystal structure. Such
structural changes have high implications in long-term performance of catalyst exposed to MW irradiations.
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The third chapter is a continuation of chapter 2. In this chapter, CH4 and N2 were simultaneously activated
in a single-stage microwave-heated catalytic reactor to form ammonia, ethane, ethylene, and acetylene at
atmospheric pressure. Density functional calculations and micro-kinetics modelling were used to predict
the reaction behavior at temperatures ranging from 573 K to 973 K and validated with experimental
analysis. The influences of terrace (111) and step (211) sites on K promoted Ru crystals were established
in product formation and catalyst coking. NH3 formation occurs predominantly on the step (211) sites while
C2 product formation can occur on both the sites. It was found that the elementary reaction steps leading to
NH3 synthesis occurs due to the non-thermal effects of microwave irradiation while C2 products formed
simultaneously are due to the thermal effects only. A reaction mechanism is postulated on the catalyst
coking and validated experimentally by in-situ regeneration using H2 and O2.

In the fourth chapter, MW plasma is shown to activate CH4 in the afterglow region of Ar plasma. A stable
low power plasma is achieved at atmospheric pressure by designing two kinds of reactor configurations. A
thorough study on each configuration is conducted by varying the CH4 feed concentration. It was found
that, lower CH4 feed concentrations (10-20%) are best suited for optimum acetylene and hydrogen
production.

MWP generated from CH4 is known to produce acetylene and hydrogen with high yield and can also be
optimized to be energy efficient. Chapter 5 of this dissertation takes a step forward by identifying the postplasma species in a MWP created by a gas mixture CH4, N2 and Ar. Based on this identification, using an
optical emission spectrometer (OES), a catalyst is designed to directly influence the selectivity of end
products. A thorough reaction chemistry is hypothesized to explain this plasma-catalyst synergy. The active
metal sites on the catalyst based on their preference to adsorb/desorb the post plasma species clearly
influence the reaction chemistry and product selectivity.

2

1.

Microwave plasma-enhanced and microwave heated chemical reactions-A review

1.1 Introduction
Plasma, a distinct state of matter, is made of electron, ions and neutral gas molecules. Since plasmas have
a low degree of ionization, the density of charged particles is much lower than that of neutral species. At
low pressure, the lighter electrons and some ions quickly accelerate to higher velocities than the heavier
neutral molecules. Hence, the kinetic energy of electrons is much higher than the bulk neutrals causing
non-equilibrium plasma. Since non-equilibrium plasma does not raise the temperature of the bulk gas, it is
termed as cold or non-thermal plasma. On the contrary, when the pressure is high enough to excite the
charged particles and the neutrals almost equally, the plasma is termed as equilibrium. At increased pressure
conditions, the electron, ions as well as neutral molecules are highly agitated causing an increase in gas
temperature and hence, equilibrium plasma is termed as hot or thermal plasma [1]. Since thermal plasma
can produce high heat, it is prevalent in the incineration of waste and toxic materials [2]. The nonthermal
or cold plasma technology is extensively used in industrial applications such as coating, surface
modifications, and etching [3].

Sources of plasma vary depending upon the type of electrode and excitation or energy source. Plasma
generators are qualified and quantified based on breakdown voltage, electron energy, and electron density.
Non- thermal plasmas are created either at low or at atmospheric pressure. Low-pressure plasma discharges
require cost-intensive process chambers to maintain a vacuum. In contrast, non-thermal plasmas generated
at atmospheric pressure do not require such arrangements and hence are more advantageous[4]. Nonthermal
atmospheric plasma generators are classified based on the source as corona discharge, atmospheric pressure
plasma jet, dielectric barrier discharge, atmospheric glow micro hollow cathode discharge, and microwave
discharges [5].
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It is interesting to note that microwaves without plasma generation can be used as an energy source in a
catalytic reaction system and is a very well researched area. Microwave irradiations are generated using
electromagnetic waves at frequencies higher than 300 MHz. Microwave plasma or discharge, the subject
of this chapter, is formed when a gas is ionized under this high energy source. It can be generated under a
wide range of power and system’s pressure using a variety of gases [6,7]. Microwave plasma offers several
advantages over other non-thermal plasma sources as shown in Figure 1.1. The microwave plasma density
is reported to reach higher than 1013 activated species per cm3. The gas temperature is known to reach more
than 1000 K. These advantages gives an edge to microwave generated plasma in many industrial
applications such as etching, layering, and disinfection [8]. Since high pressure conditions can intensify
electron and ion collision pushing the plasma state to equilibrium state leading to high gas temperature,
microwave plasma can be put into thermal plasma category if generated at high pressure [9].

Figure 1.1: Advantages of microwave plasma over other plasma sources
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Figure 1.2: Present and Future Applications of Microwave Plasma
TechnologyFigure 1.2: Advantages of microwave plasma over other

The role of catalysts in chemical reaction technology is well known since the early 1800s [10]. Catalytic
processes or reactions carried out in microwave-assisted plasma systems is termed as microwave plasmaassisted catalytic technology or reactions. This technology has brought a paradigm shift in catalytic
reactions by offering reaction mechanisms with lower energy pathways and improved yield [11]. Free
electrons in the plasma collide with gas molecules imparting excitation energies higher than the bond
dissociation energy. This helps in breaking of strong covalent bonds and formation of new chemical species
at mild reaction conditions[1,12]. It is now extensively investigated in areas such as removal of volatile
organic compounds [13,14], waste gas treatment [15], and reforming technologies [16]. Microwave plasma
reactors help in easy integration of catalysts because of their electrode free designs, which is a major
advantage over other nonthermal or thermal plasma generators [17].

There are three main terminologies used throughout this review chapter. First, microwave heated catalytic
reactions- the reactions where microwave acts as a source of thermal energy in the presence of a catalyst.
Second, microwave plasma reactions- the reactions that occur under gas plasmas ignited by microwave.
Third, microwave plasma-assisted or enhanced catalytic reaction- the reactions occurring in the gas plasma
generated by microwave in the presence of catalysts. The chapter begins with an overview of commercial
applications of microwave plasma to emphasize its current applications. The following section exclusively
discusses microwave plasma-enhanced catalytic reactions. This section is broadly classified into methane
conversion to C2 and hydrogen, methane dehydroaromatization, carbon dioxide utilization, and ammonia
synthesis highlighting the advancements in the past decade. The final section is categorized into three
distinct systems: Microwave heated catalysis, microwave plasma, and microwave plasma-enhanced
catalysis. The interaction of plasma species and microwaves on catalyst surface can be best understood by
this categorization.
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1.2 Commercial applications of microwave plasma technology
Plasma technology has spanned and found its place in many industrial applications in the last few decades.
Microwave plasma specifically finds application in food and packaging industries, microelectromechanical
systems (MEMS), and chemical processing. Figure 1.2 shows the present and future applications of
microwave plasma technology in a nutshell. The following section highlights some established technologies
utilizing microwave plasma.

Figure 1.2: Present and Future Applications of Microwave Plasma Technology

Figure
1.3:Microwave
The conversion
of methane
is theorized to form hydrocarbon radicals which
1.2.1
plasma
in food industry
then recombine into ethane, ethylene, and acetylene [38].Figure 1.2: Present and Future
Applications
Microwave
Plasma
Technology
Microwave plasma technology
is widelyofused
in the food
industries
for packaging, in barrier coating for
food preservation, and disinfections. It is used in surface treatment to remove undesired organic impurities
and

in substrate deposition [18,19]. Microwave plasma UV lamps (MPUVL) is a device used in

disinfecting food before their packaging and sealing in a thermos-fill-seal (TFFS) system. The UV rays
produced kill the contaminating bacteria on packaging material before the food items are packaged in a
vacuum sealing chamber. The integration of disinfection and sealing in a single device is useful for large
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scale food disinfection and packaging [20,21]. MPUVL offers several advantages over conventional UV
lamps [22,23]:
(1) Electrodes in the conventional UV lamps have to be replaced periodically but MPUVL does
not require electrodes. This increases the lifetime of a UV lamp.
(2) The UV radiation can be pulsed at different modulation frequencies and intensities
(3) MPUVL is 95% efficient in converting all microwave energy into UV radiations.
(4) The disinfection time is only 12 seconds while electrode UV lamps need 20 seconds to 3
minutes to warm up.
(5) MPUVL has very low residual radiation energy and thus has almost instant shut off capability.
This prevents overheating of heat-sensitive materials near the lamps.

1.2.2 Microwave plasma in microelectromechanical systems (MEMS)
MEMS are used to manufacture microscopic devices from materials such as silicon, polymers, metals, and
ceramics. Chemical vapor deposition (CVD) and plasma etching are two of the main manufacturing
processes of these devices that require microwave plasma. Microwave plasma- assisted CVD (MPCVD) is
commercially used to produce high quality diamonds [24,25]. In a typical microwave-plasma CVD system,
microwaves triggers breakage of C-H bonds in methane (CH4) forming hydrogen gas plasma. The free
carbon radicals thus deposited create crystal diamonds and ultrafine diamond films [26]. Another significant
application of plasma-enhanced CVD is layering of multi-crystalline silicon solar cells with silicon nitride
(Si3N4). Plasma generates uniform layers of Si3N4 which provides reflective surfaces to solar cell wafers
[27]. Similarly, plasma-etching systems are highly commercialized and readily available in various forms
and capabilities. In such systems, gas plasmas, usually made of oxygen react with the unwanted material
on the substrate’s surface. The volatile products hence formed are purged out from the system leaving
behind a clean and scratch-free surface [28,29].
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1.2.3 Microwave plasma in chemical processing
Reaction technologies assisted by various plasma sources are now regarded as a sustainable alternative to
many conventional chemical processes. Microwave plasma alone is well studied in many chemical
applications such as reforming, waste gas treatments, and pyrolysis [30]. An interesting example of
industrial application is biomass gasification by Plasma2Energy. It is a medium scale gasification plant
producing 1830 m3 ethanol and 253 m3 of diesel fuel annually utilizing only 20% of generated energy [31].
RMX technology manufactures carbon fiber in a low-pressure microwave plasma reactor. This small
reactor (0.05 m diameter and 4 m in length) having only one-third of residence time of the conventional
reactor reduced energy requirement by 75% and manufacturing cost by 25% [32].

Microwave plasma has established its advantages in some commercial processes but chiefly remains
unexplored in many important chemical processes such as reforming and ammonia synthesis. It is still at a
fundamental stage of research and development. This review chapter summarizes chemical processes
driven by microwave plasma in three main categories: methane reforming & dehydroaromatization, carbondioxide utilization, and chemical synthesis of ammonia & organic compounds. Commercial scale-up of
these processes face many challenges such as reliability, reproducibility, and energy efficiency. This
chapter evaluates these challenges in every category by extensively reviewing published reports in this area.

1.3 Microwave plasma-enhanced catalytic reactions in methane (CH4) utilization
The high methane content in natural gas makes it a viable fuel and energy source. It is now widely used in
power plants to generate electricity, hydrogen production by commercial processes such as steam methane
reforming (SMR), industrial processes such as ammonia production, and synthesis of aromatic compounds
[33–36]. All traditional methods that utilize and reform methane release carbon dioxide, toxic gases, and
undesired side products. Since the early 1900s, using catalysts to convert methane to useful products turned
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out to be advantageous in terms of product yield and overall process efficiency. However, these
conventional methods require extreme process conditions making them consume more energy[37].
Microwave plasma-enhanced catalytic conversion of methane to value added products aims to eliminate
these drawbacks associated with conventional processes. The subsequent sections analyze most recent
publications that addressee such issues.

1.3.1 Microwave plasma-enhanced catalytic conversion of methane to C2 hydrocarbons
and hydrogen

Figure 1.3: The conversion of methane is theorized to form hydrocarbon radicals which then
recombine into ethane, ethylene, and acetylene [38].

The earliest
report
microwave
plasma-enhanced
catalytic conversion
of methane toradicals
ethylenewhich
and ethane
Figure
1.3: on
The
conversion
of methane is theorized
to form hydrocarbon
then
recombine into ethane, ethylene, and acetylene [38].
establish a 52% methane conversion (maximum) with a selectivity of 25% ethylene, 25% acetylene and
50% ethane. Power required for maximum conversion was 60 W while the theoretical power needed for
100% conversion was calculated as 3.294 W, so the calculated energy efficiency (3.294/60) was only 5.5%.
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Coking occurs in all the reaction scenarios either on the wall or catalyst surface, which was minimized
using lower power and higher flow rates. As for the postulated mechanism behind product formation,
interaction of microwave plasma over the Ni surface leads to H-atoms abstraction from CH4 forming
theorized CH, CH2, and CH3 radicals. The free CHx radicals lead to the synthesis of ethane, ethylene, and
acetylene which are valuable hydrocarbons. Hydrogen atoms abstracted recombine to form molecular
hydrogen. The selective conversion of methane to ethylene and acetylene were influenced by reactor
pressure, the power, and the feed flow rate [38]. Figure 1.3 represents the theorized reaction pathway of
CH4 conversion to desired products over Ni- catalyst under microwave plasma.

Cho et al investigated the oxidative coupling of methane (OCM) over a transitional metal-promoted zeolite
(ZSM-5) catalyst and achieved a 54.9% methane conversion to ethane, ethylene, and acetylene under
vacuum. Most importantly, they observed that CH4 conversion increased by 20% in the presence of O2
plasma and the selectivities of acetylene and ethylene improved considerably over ethane when compared
to the non-oxidative coupling of CH4 under similar conditions. The increase in conversion can be ascribed
to the formation of metastable oxygen under the influence of microwave plasma. The first electronic state
of atomic oxygen, O (1D) and second electronic state of molecular oxygen, O2 (1∑) is postulated to play an
integral role in the activation of methane which enhanced its conversion to C2 products. In the presence of
a catalyst, the CH4 conversion is increased by 10% and acetylene selectivity is improved indicating that the
catalyst promotes unsaturation in this reaction [39]. Figure 1.4 represents the postulated mechanism behind
OCM over metal promoted ZSM-5. The excited state oxygen species formed under the influence of plasma
leads to methane activation. These activated methane radicals recombine over the catalyst surface to form
C=C and C≡C products.
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Introducing oxygen in methane dehydrogenation does reduce carbon deposition on the catalyst surface, but
the yield of C2 products decreases. Nagazoe et al introduced a new microwave plasma catalysis reaction
scheme where the catalyst was placed next to the plasma reaction zone. In this low-pressure system,
acetylene and hydrogen were the major products from the plasma zone. The presence of solid catalyst (Pt/
Al2O3) facilitated the hydrogenation of the plasma zone products to yield ethylene. The percentage of
ethylene in product stream decreased as the distance (ξ) between the catalyst position and plasma region
increased producing a maximum yield of 78% at ξ=0. The catalyst bed temperature at this point was
reported 785 K [40]. High yield of ethylene can be obtained when the catalyst is placed in the plasma region
manifesting the combined effects of plasma and catalysis.

Figure 1.4: Postulated reaction mechanism in oxidative coupling of methane in
plasma assisted catalysis reaction. Radical formation and recombination
over ZSM-5 catalyst surface. Formation of 1st electronic state of atomic oxygen 𝐎(𝟏𝑫 ) & 2nd electronic state
of molecular oxygen O2 (𝟏𝜮 ) [39]

NH3 in
production
in enhanced
mole NH3plasma
per gram
catalyst
per second;
(b) % methane
It is Figure
evident 1.5:
that(a)
coking
microwave
systems
immediately
deactivates
the catalyst
conversion [66]Figure 1.4: Postulated reaction mechanism in oxidative coupling of methane in
plasma assisted
catalysis
reaction.
Radical formation
and recombination
surface. But the alternative
solutions
such
as introducing
oxygen into
the system, delays coking and
over ZSM-5 catalyst surface. Formation of 1st electronic state of atomic oxygen 𝐎(𝟏𝑫 ) & 2nd electronic state
of molecular
𝜮 ) [39] to almost half of the total hydrogen
improves product selectivity. Steam reforming
of oxygen
methaneO2(𝟏
contributes
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production worldwide [41]. However, this multistep reaction requires high temperature and pressure to
enhance hydrogen yield producing carbon dioxide, a major greenhouse gas [42]. Microwave plasmaenhanced catalytic steam reformation of methane can be a better alternative.
Wang et al. performed a single-stage steam reformation of methane in a microwave plasma reactor under
atmospheric pressure. The authors observed a high selectivity (95.2%) for hydrogen and maximum methane
conversion at 91.6%. Ni/Al2O3 catalyst placed at the discharge zone was rapidly deactivated due to nanocarbon deposition on its surface. At higher H2O/CH4 molar ratios, the selectivity of carbon and byproducts
such as C2H2 decreased. The specific energy consumption (SEC) is defined as the energy consumed in
electron volt (eV) per molecule of H2 formed. A maximum SEC of 13.8 eV/molecule-H2 was observed for
H2O/CH4 ratio 1.0 [43]. Utilizing optical emission spectrometer, an in-situ analysis tool helped identify
activated species in the discharge region. Although the role of catalyst in this reaction could not be
ascertained due to rapid coking, the low energy efficiency could be due to the high electrical power
consumption in generating plasma.

1.3.2 Microwave plasma-enhanced catalytic dehydroaromatization of methane
Methane dehydroaromatization (DHA) is beneficial in effective utilization of natural gas by producing
important aromatics such as benzene and toluene [44]. Direct conversion of methane to aromatics in the
absence of oxygen is thermodynamically unfavorable at temperatures lower than 500oC and the equilibrium
CH4 conversion is only about 12% at 700oC [45].
Microwave enhanced plasma can be beneficial in improving selectivity and conversion in methane DHA.
Heintze and Magureanu reported a 5.25% yield of benzene (C6H6) by using a nickel-carbon fiber catalyst,
which was higher than a 0.9% yield by traditional molybdenum zeolite catalyst loaded in a fixed bed reactor.
The selectivity of acetylene (C2H2) was highest (> 40%) for the maximum methane conversion (70%). As
the reaction progressed, coking reduced the selectivity of C2H2 while that of C6H6 increased and reached to
a maximum of 30%. The coke possibly catalyzed CHx dehydrogenation and its subsequent aromatization
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Table 1.1: Methane utilization in catalysts assisted microwave plasma systems
Reaction
Type

Products

C1 to C2

Ethylene,
ethane,
acetylene

C1 to C2

C1 to C2

C1 to H2

C1 to
aromatic

Ethylene,
ethane,
acetylene

Catalyst

Ni

Zeolite

Ethylene

Pt-Al2O3

Hydrogen

NiAl2O3

Benzene,
acetylene

Nicarbon
fiber

Conversion

52%

Energy
Efficiency

Mechanism

Contribution

Reference

5.5%

Radical
recombination
on the catalyst
surface

Minimal
Coke
formation

[38]

Not
reported

Radical
formation and
recombination
on the catalyst
surface

90%

Not
reported

CH & H radical
formation and
consequent
hydrogenation
on the catalyst
surface

91.6%

13.8
eV/H2
molecule

H2 formed by
the reaction of
H & CHx
species

Not
reported

Atomic
hydrogen
species
dehydrogenated
CHx group

54.9%

70%

Metastable
oxygen
molecule
formation in
microwave
plasma which
explains
higher
conversion
Highest
methane
conversion
and ethylene
yield in a
plasma
catalysis
system
In situ
analysis
using optical
emission
spectra
5.25% yield
of benzene
(high
compared to
conventional
processes)

[39]

[40]

[43]

[46]

[46]. The role of microwave plasma in overcoming thermodynamic limitations remain unclear due to the
missing temperature analysis of the reaction.
In conclusion, methane conversion to C2 products, hydrogen and aromatics in microwave enhanced plasma
catalytic reactions are certainly advantageous over conventional methods in terms of feed conversion and
product selectivities. However, catalyst coking and high-power usage remain major drawbacks of this
technology. Table 1.1 categorize and compares all the methane utilization reactions presented in section 3
based on products formed, conversion rate, energy efficiency, and major contribution.
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1.4 Microwave plasma-enhanced catalysis in carbon dioxide (CO2) utilization
Carbon dioxide emitted from fossil fuel combustion and other industrial processes make a 65% contribution
to global greenhouse gas emission [47]. This adverse environmental effect has fueled technology to utilize
carbon dioxide gas and minimize its release to the atmosphere. It is captured, separated, sequestrated [48]
and converted to useful products such as organic compounds [49]and hydrocarbon fuels [50].
CO2 is a highly stable molecule and requires high temperature and pressure conditions to break down in
most processes. Nonthermal plasma technology is known to provide the required dissociation and ionization
energy for CO2 splitting at nominal gas temperatures and moderate pressure [51]. Since the decomposition
of CO2 into CO & O2 in a non-equilibrium plasma occurs due to vibrational excitation of gas molecules, it
is necessary to measure the energy efficiency of these processes. Interestingly, microwave plasma is shown
to have the highest energy efficiency at medium pressure (50-200 Torr) conditions [52]. The presence of
catalyst in non-thermal plasma reactions improves selectivity and reaction rates while providing the energy
needed for endothermic bond dissociation of carbon dioxide [53]. The subsequent paragraph compares the
effectiveness of microwave plasma-enhanced catalytic decomposition of CO2 in terms of catalyst activity,
energy efficiency, conversion, and product selectivity.
Spencer and Gallimore investigated the efficiency in conversion of carbon dioxide to carbon monoxide
(CO) and oxygen (O2) in a microwave plasma-enhanced catalytic reactor. Energy efficiency was defined
as the ratio of the theoretical enthalpy of dissociation (2.9 eV/molecule) to the actual energy consumption
of producing one CO molecule in the plasma. The actual energy consumption to produce CO was calculated
by the ratio of specific energy input to the output mass flow rate of CO. Specific energy input was defined
as the ratio of power consumed to CO2 mass flow rate into the reactor system. Based on these definitions,
energy efficiency in the plasma catalyst system was always lower than the pure plasma system. While a
trade-off between energy efficiency (20%) and conversion (45%) was established in pure plasma reactor,
the plasma catalyst system could not offer any advantages to the reaction [54]. Perhaps, Rh/TiO2 catalyst
was promoting reverse reactions leading to more unconverted CO2 in reactor outlet. Chen et al., using the
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same definition of energy efficiency, achieved better results by decomposing carbon dioxide over NiO
supported TiO2 catalyst in a pulsed surface-wave microwave plasma. The catalyst, when calcined in the
microwave plasma with CO2 and Argon (Ar), showed a significant increase in surface area. Raman
spectroscopic analysis indicated the presence of a higher concentration of oxygen vacancies for Ar-plasma
treated NiO/TiO2 catalyst and showed no carbon deposition. CO2 conversion (42%) and energy efficiency
(17.2%) were highest for the catalyst pretreated in Ar- plasma. The plasma treatment created oxygen
deficiency on catalyst surface enhancing the photocatalytic dissociation of CO2 [55]. The improvement in
energy efficiency can be accredited to catalyst pretreatment in plasma. Comparison based on conversion,
energy efficiency and major highlight of above two research works is shown in Table 1.2.

Table 1.2: Effect of catalyst in CO2 conversion enhanced by microwave plasma
Products

Catalysts

Conversion

Energy
Efficiency

CO and O2

Rhodium

10%

20%

CO and O2

NiO supported
TiO2

42%

17.2%

Highlight
Presence of catalyst decreases
energy efficiency
Catalyst calcined in
microwave-induced Ar plasma
showed a significant increase in
the surface area contributing to
a higher conversion rate

CO2 splitting in microwave plasmas has the best energy efficiencies in low and medium pressure conditions
[56,57]. Additionally, microwave plasma-enhanced catalytic decomposition of CO2 has lower energy
efficiency than non-catalytic systems [58–60]. Since atmospheric pressure conditions are most favorable to
catalytic systems, it is necessary to investigate the factors behind low energy efficiency in microwave
plasma-enhanced catalytic decomposition of CO2. There may be two main factors at play. First, low and
medium pressure conditions employed in non-catalytic reactions increase CO2 dissociation improving the
energy efficiency. Second, the presence of a catalyst in the atmospheric pressure conditions may favor the
recombination of CO and O2 decreasing CO2 conversion [61].
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An efficient carbon-dioxide utilization can improve process economy by making value-added product from
CO2 at competitive cost. In recent years, non-thermal plasma technology especially microwave has shown
a growing interest in CO2 utilization. While energy efficiency seems to be the main bottleneck of this
technology, innovations in catalyst design and the optimal trade-off between power consumption and gas
conversion may help overcome the current challenge.
1.5 Microwave plasma-enhanced catalytic reactions in ammonia (NH3) synthesis
Ammonia is widely used in manufacturing nitrogen-based fertilizers and value-added chemicals. The
Haber-Bosch process is the only commercial large-scale production of NH3 [62]. It has high temperature
and pressure requirements leading to severe energy consumption and CO2 emissions. Non-thermal plasma
catalysis, as an alternative to the conventional process, offers several advantages. Nitrogen (N2)
chemisorption on the catalyst surface is a crucial step in the catalytic synthesis of ammonia. This process
is enhanced substantially when N2 is atomized by using non-conventional energy sources such as nonthermal plasma [63]. Additionally, the interaction of highly energetic ions and electrons on the catalyst
surface significantly improves reaction kinetics enabling ammonia synthesis at normal temperature and
pressure [64]. This section summarizes articles that demonstrate ammonia production in microwave
plasma-enhanced catalytic systems, highlighting the major contributions and hurdles in achieving better
energy efficiency.
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The earliest investigation on the catalytic synthesis of NH3 under microwave plasma reported a detailed
study on synergetic effects of driving frequency and catalysts. Microwave plasma had 50% more NH3 yield
than radio frequency (RF) plasma under similar conditions suggesting the presence of the higher number
of free NH radicals in microwave plasma. Placement of iron (Fe) wires in plasma downstream doubled NH3
yield indicating the significant role of catalyst in adsorption of NH radicals [65]. The most recent work on
NH3 synthesis from CH4 and N2 by our group raise important questions on the role of microwave irradiation
and microwave plasma in catalytic reactions.

Figure 1.5: (a) NH3 production in mole NH3 per gram catalyst per second; (b) % methane
conversion [66]

As shown in Figure 1.5, the highest (80%) CH4 conversion was observed under microwave plasma on a
Co/ɣAl2O3 catalyst. This conversion was similar to the reaction carried under microwave irradiation over
Fe promoted Co/ɣAl2O3. The NH3 yield was around 37% more in case of microwave heated catalytic
reaction over Fe promoted Co/ɣAl2O3. The results indicate that microwave irradiation without plasma can
be as beneficial as microwave enhanced plasma in improving conversion and product yield in a catalytic
reaction. Additionally, the presence of Fe led to carbon nanotubes formation on catalyst surface, a valueadded by-product [66].
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Although there are a good number of research on the catalytic synthesis of NH3 utilizing many forms of
plasma sources, such as micro gap discharges [67], and dielectric barrier discharges [68–70], NH3 synthesis
using microwave enhanced-plasmas is an area less investigated. Despite the advantages such as improved
NH3 yield, microwave plasma-enhanced and plasma heated catalytic synthesis of ammonia have high
energy requirements. To develop this process, efforts must be made to understand the synergy between
plasma and catalyst. A comprehensive analysis of reaction kinetics through extensive experimentations,
modeling and process optimization may improve the energy consumptions.
1.6 Reaction mechanism
Despite all the extensive research on microwave enhanced plasma catalytic reactions, barriers such as high
energy consumption and rapid coking prevent its full-scale commercialization. The key to transforming a
laboratory scale reaction to a large-scale industrial process is to make their establishment economical.
Understanding the factors that impact engineering scalability becomes important. To achieve that, we need
to have a comprehensive knowledge of the interaction between the catalyst and reactants in the presence of
microwave plasma. It is important to note that the studies on catalyst effect in microwave plasma reactors
are few due to limitations of in-situ instrumentations. However, there are substantial investigations on
reaction pathways under microwave enhanced plasma (non-catalytic) and microwave heated catalytic
systems. To understand the complex interactions of reactive gases with catalysts under microwave plasma,
it is advisable, to begin with comprehending the catalyst surface activation under microwaves without
plasma, then the role of microwave plasma alone and finally, understanding the synergy between catalyst
and microwave plasma. Hence, the reaction systems are categorized into microwave heated catalytic,
microwave plasma, and microwave plasma-enhanced catalytic systems.

1.6.1 Microwave heated catalytic systems
Microwave is electromagnetic radiation in the frequency range of 0.3 GHz-300 GHz. The heating of
materials under microwave irradiation is a combination of three phenomena: (i) conduction loss, (ii)
dielectric, (iii) magnetic loss. Conduction loss heating usually occurs by thermal activation of electrons
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and enhanced by the presence of defects in solid materials. Dielectric heating is caused by a change in
direction of molecules’ electric dipole by the microwave’s electric field and applies only to polar
compounds. Solid materials such as transition metal oxides that possess magnetic properties exhibit
magnetic loss heating.
Heterogeneous catalysts exhibit a complex microwave absorption process originating from dielectric losses
which lead to surface heating. The loss mechanisms can be described by two processes: dipolar or Debye
loss and charge carrier processes. Dipole moment on a catalyst surface or in bulk material may originate
due to vacancies and defects in the crystalline structure. The frictional interaction of the rotational motion
of the dipole with the oscillation of microwave irradiation cause dipole losses [71]. Since the dipole may
be localized, selective heating around the dipole occurs on the solid surface. Charge carrier process occurs
either by conduction loss or space charge recombination.
Free electrons within the solid material oscillate with applied electromagnetic field creating an alternating
current. The inherent resistance of the material to this current creates conduction loss which eventually
heats the material. The electric field of the microwave also creates charge separation within the catalyst due
to the movement of electrons and ions. The separated charges have the tendency to recombine against
material resistances and other barriers. Charge recombination or relaxation is out of phase with the applied
field causing energy loss and subsequent heating of the catalyst. The space charge recombination and
dipolar or Debye loss on heterogeneous catalyst surface are explained graphically in Figure 1.6 [72].
In addition to dielectric heating, the catalyst can be designed to interact with the microwave through other
mechanisms. For example, metal dopants, like iron, can be added to catalytic sites. These ferromagnetic
species can couple with the magnetic component of the microwave field, putting additional energy into the
reaction [73].

19

Figure 1.6: Space-charge and Debye or dipolar loss mechanisms for microwaves interacting with a
catalyst surface for selective heating & bond activation of reactant molecules [72]Figure 1.5: (a)
NH3 production in mole NH3 per gram catalyst per second; (b) % methane conversion [66]

Our research group has been exploring microwave catalysis in natural gas conversion. In our recent
publication, ethane conversion was the highest under ambient pressure and relatively low temperature when
compared to conventional heating. Table 1.3 compares ethane conversion in a microwave (MW) heated
reaction to a fixed bead reactor heated conventionally over various catalysts [74].
Table 1.3: Ethane conversion comparison of reaction with and without MW irradiation.
(Pressure=1 atm; feedstock flowrate=50 mL/min with 36 vol% of ethane, balanced [74]

Catalyst

Mo/ZSM5
Mo-Zn/ZSM5
Mo-Fe/ZSM5
Mo-Fe-Zn/ZSM5

Conversion at 6
min Time-OnStream in
MW Reactor, 400
°C

64.70%
69.60%
80.80%
78.60%

Conversion at 45
min Time-OnStream
in MW Reactor,
400 °C

Conversion at 6
min Time-OnStream in Fixed
Bed, 400 °C

Conversion at 7
min Time-OnStream
in Fixed Bed, 615
°C

22.40%
13.80%
15.30%
17.00%

1.98%
1.23%
2.31%
3.11%

29.91%
26.63%
27.72%
27.33%

The most accepted explanation behind the significant improvement in microwave heated catalytic reactions
compared to conventionally heated systems is the hot-spot formation due to the microwave thermal effects.
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In such reactions, the reactants or products would be susceptible to selective bond activation due to localized
heating (hot spots) around the dipoles, which in turn can enhance reaction rates. Mochizuki et al created a
carbon-filled zeolite which enhanced catalytic dehydration of alcohols under microwave irradiation in
comparison to conventional heating. This enhancement was due to non-equilibrium local heating of the
core carbon due to the difference in dielectric losses of carbon and zeolite [75].
However, explanation of rate enhancement due to hot spot formation is disputed. It has been argued,
specifically for steam-carbon and Boudouard reactions, that hot spot formation should promote endothermic
shift, which was not observed in these reactions [72]. It has been hypothesized that microwave irradiation
shifts the equilibrium position by altering the forward and reverse reaction rates. The space charge
mechanism, as discussed before, can potentially accelerate surface reactions with gaseous intermediates
pushing the overall reaction forward. Additionally, the selective coupling of the microwave field with polar
intermediate species on the surface of the catalyst can accelerate forward reactions [72,76].
Microwave irradiation has been shown to change path-dependent thermodynamic properties suggesting that
it significantly changes reaction pathways in heterogeneous catalysis [77,78]. Figure 1.7 illustrates the
reaction approach specifically for methane and ethane conversion to aromatics, acetylene, and ethylene
[74]. The postulated decrease in activation energy can be explained by the changes in internal energy of
reactant molecules absorbing a part of microwave irradiation while the rest is used up in heating the catalytic
bed [79]. Xu et al. reported that the improvement in microwave catalytic decomposition of NO to N2 and
O2 over conventional heating was due to the lowering of its activation energy. The hot spot formation could
not explain the improved reaction efficiency. The NO conversion were much lower at the simulated hot
spot temperatures than at the reaction temperatures [80]. Essentially, microwave energy can be selectively
delivered to the interface between active sites and reaction intermediates without losing energy to the
surrounding environment, therefore potentially improving energy efficiency.
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Figure 1.7: Illustration of microwave irradiation in the conversion of
natural gas over metal-promoted zeolite [74]

A project funded by DOE ARPA-E is underway where a scalable, cost-effective catalytic process of
ammonia synthesis is developed by using microwave excitation under mild reaction conditions. In this
research project, an interdisciplinary team consisting West Virginia University, National Energy
Technology Laboratory, Florida State University, and two industrial partners have demonstrated that
ammonia synthesis can be carried out at 200-300oC and ambient pressure under microwave irradiation.
Other than selective activation of dinitrogen to metastable radicals, the most obvious advantage that
microwave irradiation affords in driving a heterogeneously catalyzed reaction is the ability to locally heat
the catalytic sites. Many industrial processes utilizing heterogeneous catalysts are high-temperature
processes where both components of a reaction (i.e., catalyst and medium) are heated to the temperature
required for the reaction to occur. Results shown in Figure 1.8 shows that, using Ruthenium (Ru) catalysts,
nitrogen conversion of 3.5 mol% can be achieved under microwave irradiation. Instead of continuously
supplying microwave energy, one of the energy-saving approaches is to operate microwave catalytic reactor
system in pulsing mode. Such a pulsing configuration ensures the catalyst and reaction intermediate absorb
microwave energy only when it is needed. The improvement in ammonia yield as the energy source is
changed from continuous mode to pulsed mode is represented in Figure 1.8. The nitrogen and hydrogen
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conversion increase simultaneously. This transformational ammonia synthesis process integrates system
elements of electromagnetic sensitive catalysts and microwave reactor design. Taking advantages of
microwave heating, catalytic ammonia synthesis undergoes a new reaction pathway. The barrier for the
initial dissociation of the dinitrogen is decoupled from the bonding energy of the intermediates [81].

4.5

Nitrogen conversion (%)

Hydrogen conversion (%)

Ammonia concentration (%)

4
3.5
3
2.5
2
1.5
1
0.5
0
Flow

Pulse 1 time

Pulse 2 times

Figure 1.8: Microwave heated catalytic synthesis of ammonia- Effect of microwave energy source mode on
ammonia yield, nitrogen and hydrogen conversion (P=0.1 MPa, T=280 oC)

Local hot spot formation may or may not play a role in heterogeneous catalytic reaction acceleration, it
causes a temperature gradient between the solid catalyst and gaseous reactants [82]. This difference in
temperature distribution can lead to unwanted homogenous reactions in the gas phase adversely affecting
the selectivity of desired products. For example, the low selectivity of isobutene from oxidative
dehydrogenation of isobutane using CO2 in a microwave heated catalytic reaction is due to homogenous gas
phase reactions that form methane, ethylene, and butane. This can be avoided by ensuring the least
temperature gradient between the solid catalyst and gaseous reactants [83].
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It is important to note that microwave irradiation has shown a profound impact on catalyzed and noncatalyzed gas-solid reactions. In particular, it has been demonstrated that microwave-specific effects can
manifest themselves through the enhancement of reaction rates, equilibrium shifts, and the distribution of
products. Despite the obvious advantages, commercialization of microwave heated catalytic processes
would require an extensive energy audit with a positive outcome to replace the established conventional
technologies.

1.6.2 Microwave plasma systems
Microwave irradiation is a facile and efficient means of generating plasmas and has been used for that
purpose in several applications. Methane (CH4) utilization, for instance, remains a thoroughly researched
area in microwave plasma systems. Hence, understanding the mechanism behind its decomposition can
help identify decisive factors.
One of the earliest reports on CH4 decomposition in cold microwave air plasma, Oumghar et al methodically
investigated air plasma interaction with CH4 molecules. The major products were C2 hydrocarbons and
carbon monoxide (CO). Figure 1.9 shows the active species and the products formed in different regions in
the plasma reactor. The regions are defined by the distance, d from the plasma discharge along the reactor
axis. Region 1 is at the edge of plasma discharge (d = 0 to 2 cm). Region 2 is the onset of post-discharge
region (d = 2 to 4 cm), and region 3 is the post-discharge region (d > 4 cm). The end products depend on
the location at which methane (CH4) is introduced in the plasma reactor. The percentage yield for acetylene
(C2H2), ethylene (C2H4), and ethane (C2H6) are highest in region 1. C2H2 diminishes in region 2 while C2H2
and C2H4 are still produced in small amount. Region 3 shows the presence of carbon-monoxide (CO) and
hydrogen (H2) only. The product distribution can be explained by the active species present in each region.
Free electrons (e-) predominant in region 1 activate CH4 that leads to the formation of activated methyl CHx
(x=1,2,3) species. C2 products are a result of radical recombination of CHx species within region 1 and 2.
Atomic oxygen (O (1𝐷 )) and activated nitrogen species (N2*) , predominant in region 2 and 3, are postulated
to form CO and H2 by subsequent dehydrogenation of CHxO species (x=1, 2, 3) [84]. Microwave plasma
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processes require careful tuning of input power to control product distribution. For example, higher
acetylene selectivity over ethane and ethylene could only be achieved by increasing microwave power to
250 W [85]. It implies that dehydrogenation of CHx radicals is favored over their dimerization as the input
power increases.

Figure 1.9: Activated species and product formation in an air microwave plasma by introducing CH 4 are
different regions in the plasma reactor.

In microwave plasma systems, it is very important to determine if the chemical reaction is driven by high
gas temperature or the active plasma species. In another report, Oumghar et al. compared product
distribution under a mixture of pure N2 and CH4 plasma. In CH4/N2 system, the plasma temperature was not
more than 900o C, implying acetylene formation solely due to the interaction of active plasma species. The
higher acetylene selectivity over ethane and ethylene is only favored when CH4 is introduced at a distance
less than 2 cm from the discharge region, highlighting the important role of reactant feed placement in
microwave plasma systems. As postulated, the excited CH4 molecules decompose into CHx radicals, C
atoms, and H2 gas in a set of simultaneous reactions. CHx radicals recombine to form C2 hydrocarbons. At
the same time, free H and NH radicals combine with CHx to form HCN while N2+ and N2H+ species form
NH radical leading to the formation of a small amount of NH3 [86]. Heintze et al. showed that in a pulsed
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microwave plasma system, a high acetylene selectivity could be achieved by creating a mix of CH4 and H2
plasma. Atomic hydrogen played an important role in plasma chemistry by promoting dehydrogenation
over dimerization of CHx radicals. The longer duration of the plasma pulses increased H atom in the system
promoting acetylene formation over ethane and ethylene [87]. The longer pulsing mode also increases gas
temperature and hence, it was unclear whether the selectivity of acetylene was enhanced by the rising
plasma temperature or the presence of activated H-species. In the case of ammonia synthesis from N2/H2
plasma powered by microwaves, it is well known that NHx radicals are precursors NH3 formation. The NHx
radicals could be produced through the combination of several activated species present in the plasma such
as N2+, H, N, and N2H+. NH3 is formed by recombination of NHx radicals with H-atoms [88,89].
Plasma is a collection of free radicals and ions formed by activation of gas molecules. The recombination
of these activated species leads to various product distribution. Microwave activated plasma, in particular,
has more products than any other non-thermal plasma sources owing to the generation of a large number of
activated species. The product selectivity in a microwave plasma reaction can be controlled either by
external factors such as input power or by introducing another plasma species. More control on product
selectivity can be achieved by introducing catalysts in microwave plasma systems. The synergistic effects
of plasma and catalysis are discussed in detail in the following section.

1.6.3 Microwave plasma-enhanced catalytic systems
The effects of microwave plasma on catalytic reactions can be approached in two ways. The catalyst can
either be placed within the plasma or at a predefined distance from the plasma generation region. The latter
scenario becomes a two-stage reaction system. Either way, non-thermal plasma catalytic systems is known
to intensify gaseous reactions by enabling the highly reactive species to interact with catalyst surface for
better conversion, selectivity, and energy efficiency.
One of the earliest investigations on placing a catalyst in plasma was reported by Sugiyama et al. In a N2/H2
mix plasma, NH3 could be produced by the surface adsorption of N species which combines with H2 either
from gas or on the surface to form NHx species. N2 alone cannot adsorb on a catalyst surface at room
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temperature unless atomized using a high energy source such as microwave [90]. This pathway is similar
to microwave plasma systems without catalysts. The additional steps such as adsorption of activated N
species accelerate the ammonia formation. This theory was supported by an independent study where N 2
was shown to chemisorb on ruthenium black catalyst in a nitrogen plasma discharge. In fact, the
introduction of H2 gas into the reaction lead to hydrogenation of the adsorbed N-species to form NHx, a
precursor to ammonia formation [63]. In a similar study the yield of ammonia increased by approximately
75% in the presence of a catalyst in a microwave driven N2/H2 plasma [65]. In a plasma-catalyst system,
plasma contributes by generating highly reactive species while the catalyst brings in the complicated surface
chemistry. The interaction of microwave enhanced plasma species on the heterogeneous catalyst surface
can be explained by a several theories including the classical- Langmuir-Hinshelwood mechanism. In
addition to the intricacies of surface adsorption and desorption, the free radicals in plasma not only
contributes to the activation of gaseous molecules but can also promote electron transfer on catalysts surface
leading to enhanced surface heating and reaction acceleration. The dielectric heating also plays a role
depending on the catalyst material [91]. In conclusion, introducing catalyst in microwave plasma synthesis
of ammonia increase its yield by the combined effects of plasma and catalyst.
As mentioned in Section 1.6.2, microwave plasma produces a greater number of active species. Placing a
catalyst in a reaction with a higher product distribution such as C1 to C2 reactions, can offer advantages in
product selectivity. Liu et al. reported the highest selectivity for ethylene in oxidative coupling of methane
(OCM) in a cold plasma-catalytic reaction. However, on changing the catalyst, ethane had higher selectivity
over ethylene. The catalysts acted as a source of charged species enhancing and stabilizing the plasma state
and altered the product distribution. Similar to microwave heated catalytic systems, it is essential to
distinguish between the homogenous gas phase and the heterogeneous gas-solid reactions in a microwave
plasma-enhanced catalytic system [92]. In OCM, the homogeneous gas phase reaction in the plasma state
produces an active species of oxygen (O-) which is known to activate methane to form CHx species [93].
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Indeed, the methane conversion and product selectivities were highest in O2/CH4 plasmas than CH4 alone
[39].
It is apparent that, in the presence of a catalyst, microwave plasma can significantly change reaction
pathways and hence the product distribution. The role of catalyst in improving energy efficiency in nonthermal plasma systems needs further investigation. While the intricacies of activated species interaction
with catalyst surface can be explained with well-established theories, the practicality of the process can
only be assessed by a thorough economic analysis.
1.7 Conclusion
In this chapter, we have compared and critically analyzed microwave enhanced plasma reactions in various
chemical technologies. A separate section on reaction mechanism study brings together various concepts
that explain catalyst interactions with reactants under microwave irradiation and microwave plasma. A
summary on the commercialized microwave plasma technologies is also presented.
Microwave plasma-enhanced catalytic reactions have the potential to transform some of the conventional
and widely used processes at a fundamental level. Specifically, microwave plasma catalytic process can
achieve high product selectivity and yields which eliminates unnecessary unit operations or reduces the size
of process equipment. Meanwhile, energy efficiency can be improved due to lower temperature and lower
pressure operation as compared with conventional thermally heated process. These features highlight the
process intensification potential. Successful scale-up of this technology could lead to a sustainable, cleaner
and energy efficient future in chemical processing.
Microwave plasma is an established technology in some industrial scale processes such as etching, CVD,
and food packaging. However, microwave plasma-enhanced catalytic technology is still at a fundamental
research stage. At this stage, it has been shown to improve catalytic reactions in terms of conversion, yield
and, product distribution. Scaling up these laboratory scale reactions is a research challenge by itself. The
first requirement in a large -scale chemical production is the high energy input for a continuous plasma
28

generation. A pilot scale gasification unit, for instance, requires two microwave generators of 75 kW power
output for a throughput of 1.9 ton syngas/ day [94]. Additionally, reaction kinetic models that can
encompass the complex interaction of plasma and catalysts are few. A wide scale economic assessment that
can prove the profitability of these large-scale processes is also required. A combined breakthrough in
developing a microwave source with power output greater than 100 kW and predictive reaction models for
process optimization and control are the major requirements in large scale chemical processing in
microwave plasma.
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2. Activation of N2 in a microwave (MW) catalytic reactor
2.1 Introduction
Natural gas is one of the sources of hydrogen in a commercial ammonia synthesis process, which is carried
out at temperatures ranging from 380 to 575 °C and pressures ranging from 150 to 250 atm. Optimization
of process conditions as well as catalysts over the years have resulted in some improvements, but the process
still accounts for 1-2% of global energy consumption [1]. It has become difficult to further optimize these
processes without fundamentally changing the reaction thermodynamics and kinetics. In ammonia
synthesis, N2 can be activated at low temperature and pressure using electrochemistry [2], chemical
looping[3] and biochemical methods[4]. Most of these efforts are directed towards making N2 dissociation
and adsorption feasible on catalyst surface or electrodes at low temperature and ambient pressure
conditions. Despite the promising results, these processes are limited in terms of scalability, long-term
catalyst stability, NH3 selectivity and impractical catalyst design.
NH3 synthesis begins with the dissociation of N2 and H2 on a catalyst surface. The activated N and H species
combine to form NHx species which recombine with the excess H to generate NH3 [5]. Ruthenium (Ru) is
one of the most active metals for NH3 synthesis. It provides a low barrier for N2 dissociation while having
enough free active sites on the surface to form the required reaction intermediates [6]. Alkaline promoter
such as potassium (K) improves the catalysts ability to dissociate N2 by acting as an electron donor [7].
Before CH4 and N2 could be activated simultaneously in a MW heated catalytic reaction, it was necessary
to demonstrate that the catalyst was capable of activating only N2. This chapter investigates the feasibility
of N2 activation on a MW heated catalyst surface using plane wave density function theory (DFT) and
microkinetic modelling (MKM). Accordingly, experiments were designed at atmospheric pressure and
moderate surface temperatures to validate the computational data. The crystalline structure of the MW
heated catalyst is analyzed using X-ray diffraction spectroscopy to highlight the scope of long-term
exposure of heterogenous catalyst to MW irradiations at 600 0C.
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2.2 Material and methods

2.2.1 Catalyst preparation
The following chemicals were purchased from Sigma Aldrich: Ruthenium (III) Nitrosylnitrate, Potassium
Nitrate, and Alumina Oxide ɣ-Al2O3 (gamma phase, nano-powder, >99% purity, surface area- 100-200
m2/g). The catalyst was prepared using incipient wetness impregnation method. The appropriate amount of
Ruthenium (Ru) and Potassium (K) salts were dissolved in deionized water to create a catalyst composition
of 1% K and 4 % Ru metals by weight. Each salt solution was evenly dispersed over ɣ-Al2O3. The solid
mixer was first dried for 12 hours at 110o C and then calcined at 550o C for 5 hours at atmospheric pressure.

2.2.2 Catalyst characterization
X-ray diffraction (XRD) of the powder samples were analyzed in a PANalytical X’Pert Pro (PW3040) set
to 45 kV and 40 mA that utilize Cu Kα radiation. The scans were taken from 10o to 800 at a scan rate of
5o/min. The peaks were identified with the help of Highscore plus Analyses software supplied by
PANalytical.

2.2.3 Experimental method
All the reactions were carried out in a 10.5 mm ID quartz tube loaded with 0.5 g catalyst, placed in a variable
frequency microwave controller (Lambda MC1330-200). The catalyst bed was first heated up to the
reaction temperature (300 0C and 600 oC) under 100 ml/min flow of N2 gas and at a fixed microwave
frequency of 6650 MHz. Then, the feed gas mixtures consisting of H2 & N2 in ratio of 3:1 were introduced
at a flow rate of 100 ml/min. The reactor configuration is schematically represented in Figure 2.1. The
products were analyzed using a two-column Agilent 3000 micro-GC and a mass- spectrometer (Thermo
scientific-PrimaBT) connected in series. The NH3 production was plotted in ppm of the product gas against
time. For the experiments conducted in this chapter, the valve (2) of CH4 cylinder was shut off.
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Figure 2.1: The reaction configuration: 1. Gas cylinders, 2. Pressure regulators, 3. Mass flow
controllers, 4. On-off Valve, 5. Quartz tube with catalyst at the center, 6. Microwave generator, 7.
Infra-red temperature sensor, 8. Gas Chromatographer,9. Mass spectrometer

Figure
The reaction configuration:
1. Gas cylinders, 2. Pressure regulators, 3. Mass flow
2.2.42.2:
Computational
method
controllers, 4. On-off Valve, 5. Quartz tube with catalyst at the center, 6. Microwave generator, 7.
Infra-red temperature sensor, 8. Gas Chromatographer,9. Mass spectrometer

Ab-initio microkinetic modeling (MKM) developed by Medford et al. [8] at SUNCAT, Stanford University
was extensively used to obtain the catalytic rates for the production of NH3 and C2Hx species over Ru(111)
and Ru(211) surfaces. The steady state catalytic rates were calculated using the MKM. The inputs were the
reaction conditions such as the temperature and pressure, energetics of the gas-phase reactants and products,
adsorption energies of the reaction intermediates, and the transition state energies of the elementary reaction
steps. Since the MKM solutions were performed numerically, the assumption of rate-determining step was
not required. Energies of the intermediates and transition states were obtained from previously reported
CatApp database [9]. These energies were calculated using plane wave DFT calculations with Revised

39

Perdew-Burke-Ernzerhof (RPBE) Generalized Gradient Approximation (GGA) exchange correlation
functional [10].
CatMAP implements a multi-dimensional Newton’s root finding method to obtain steady-state solutions
for the elementary reaction steps. In order to understand the effect of temperature in the catalytic rate of the
product formation, MKM was simulated at a temperature range of 573 K – 973 K, at total pressure 1 bar,
with 0.001% conversion of reactant gases. The total surface active-site coverage is assumed to be 1 for both
the (111) and (211) surface rate calculations. The rates are calculated as turn over frequency (TOF), the
reaction rate per second per active site. Micro kinetic modelling (MKM) describes the kinetics of a reaction
over a catalyst active site at a given pressure and temperature. The MKM module uses the steady state
approximation which states that the rate of change of coverages of all the surface adsorbates with time is
zero. The steady state kinetics differential equations are solved numerically. The binding energy of each
intermediate and the activation barriers for the elementary reaction steps obtained from the DFT are used
to calculate the rate and the equilibrium constants. The differential equations for the elementary reactions
can be written as,
𝑓

𝑟𝑖 = 𝑘𝑖 ∏ 𝜃𝑖𝑗 ∏ 𝑝𝑖𝑗 − 𝑘𝑖𝑏 ∏ 𝜃𝑖𝑙 ∏ 𝑝𝑖𝑙
𝑗

𝑗

𝑙

𝑙

(2.1)

𝑓

where 𝑟𝑖 is the rate of elementary step, 𝑘𝑖 and 𝑘𝑖𝑏 are the forward and backward rate constants, respectively,
𝜃𝑖𝑗 and 𝜃𝑖𝑙 are the surface coverages of the adsorbed reactants and products for the elementary, 𝑝𝑖𝑗 and 𝑝𝑖𝑙
are the pressures of the gas-phase reactants and products for the elementary step i. The time change of any
surface species are defined as,
𝑑𝜃𝑖
= ∑ 𝑠𝑖𝑗 𝑟𝑗
𝑑𝑡
𝑗

(2.2)
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Where 𝑠𝑖𝑗 ’s are the coefficients for the stoichiometry of species i in elementary step j. At steady state, all
𝑑𝜃

the changes in the surface adsorbate coverages with time are zero, 𝑑𝑡𝑖 = 0; and the site conservation
𝑓

constrain, ∑𝑖 𝜃𝑖 = 𝜃 𝑇𝑜𝑡𝑎𝑙 (𝜃 𝑇𝑜𝑡𝑎𝑙 is the normalized surface area) must also be satisfied. The forward (𝑘𝑖 )
𝑒𝑞

and backward (𝑘𝑖𝑏 ) rate constant and the reaction equilibrium constant (𝐾𝑖 ) for each of the elementary
reaction steps are calculated using the following equations:
𝑓
𝑘𝑖

𝑘𝐵 𝑇
−∆𝐺𝑖𝑎 (𝑇)
=
exp[
]
ℎ
𝑘𝐵 𝑇

(2.3)

−∆𝐺𝑖 (𝑇)
= exp[
]
𝑘𝐵 𝑇

(2.4)

𝑒𝑞

𝐾𝑖

𝑓

𝑘𝑖𝑏

=

𝑘𝑖

(2.5)

𝑒𝑞

𝐾𝑖

where T is the temperature of the reaction, 𝑘𝐵 and h are the Boltzmann and the Planck’s constants,
respectively. ∆𝐺𝑖𝑎 (𝑇) is the Gibbs free energy barrier and ∆𝐺𝑖 (𝑇) is the reaction Gibbs free energy of the
elementary reaction step (i). The temperature-dependent free energy barrier, ∆𝐺𝑖𝑎 (𝑇) is obtained by the
following equation:
∆𝐺𝑖𝑎 (𝑇) = 𝐺𝑖𝑇𝑆 (𝑇) − 𝐺𝑖𝐼𝑆 (𝑇)

(2.6)

and the reaction free energy ∆𝐺𝑖 (𝑇) is calculated by using the formula,
∆𝐺𝑖 (𝑇) = 𝐺𝑖𝐹𝑆 (𝑇) − 𝐺𝑖𝐼𝑆 (𝑇)

(2.7)

where, 𝐺𝑖𝑇𝑆 (𝑇) , 𝐺𝑖𝐼𝑆 (𝑇) and 𝐺𝑖𝐹𝑆 (𝑇) are the Gibbs free energies of the transition, initial and final states,
respectively at the reaction temperature. The Gibbs free energy of the intermediates was determined using
the equation:
𝐺𝑛 (𝑇) = 𝐸𝑛 + 𝑍𝑃𝐸𝑛 − 𝑇 𝑆𝑛 (𝑇) + 𝑘𝐵 T lnQ

(2.8)

where, 𝐸𝑛 is the formation energy calculated from DFT, 𝑍𝑃𝐸𝑛 is the zero point energy, 𝑆𝑛 (𝑇) is the
temperature dependent change in entropy of species n, and Q is the ratio of partial pressure of the reactant
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and the product gas-species. The temperature dependent change in entropy, 𝑆𝑛 (𝑇), is calculated assuming
that the gas-phase entropies do not change with temperature. Similarly, a frozen adsorbate approximation
was used for the adsorbates, assuming negligible change in the entropy of the surface reactions [8,11,12].
Zero point energy (ZPE) of the gas phase species were calculated using the normal-mode vibrationalfrequency analysis with harmonic approximation [11,13]. The formation entropy and zero-point energy
(ZPE) data of the gas-phase species have been given in Table 2.1.
Table 2: Entropy and Zero Point Energy (ZPE) of the reactant and the product gas species [14]
Gas-phase Species Entropy (J K-1 mol-1) ZPE (cm-1)
CH4

186.37

9828

N2

191.61

1227

NH3

192.77

7544

C2H6

229.16

16376

C2H4

219.32

11190

C2H2

200.93

5887

H2

130.68

2233

Coke (C6)

0.1

32343

The errors in the DFT, calculated using GGA exchange correlation functional method, are estimated to be
0.2-0.3 eV. The corresponding errors on the log (TOF) may vary from 1-3 order of magnitude for ammonia
synthesis over Ru and other transition metal surfaces as stated by Medford et al. [15]. Similar observations
have been made for different reactions by Medford et al. [16], Khan et al. [17] and Jalid et. al. [18]. The
reactivity trends obtained using the MKM over the varying temperatures and pressures are independent of
these errors. More discussion on the MKM methodology is available in the book by Grabow et al. [19] and
Norskov et al. [13] and our previous publications [18,20,21].
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2.3 Result and discussion

2.3.1 MKM of NH3 synthesis from N2 and H2
Ruthenium (Ru), being a transition metal, promotes N≡N bond cleavage [22] which is enhanced by addition
of alkaline earth metals as promoters such as Potassium (K) [23,24]. The relative activity of metal surfaces
is known to categorically enhance or diminish catalytic activity[25]. The dissociation of N2, which is the
rate determining step in NH3 synthesis, can be affected by the availability of more active sites on the catalyst
surface. Several studies have identified the high activity of Ru step surfaces (211) for N 2 dissociation and
chemisorption [26–29] . Hence, it can be postulated that the highly active step sites (211) of Ru contribute
more to NH3 formation at atmospheric pressure than the terrace (111) sites.
As reported in our previous work [30], CH4 acts a source of activated H2 species in the direct NH3 synthesis
from CH4 and N2 in a microwave catalytic reaction. Thereafter, the elementary reactions steps are similar
to NH3 formation from N2 and H2. The role of Ru crystal sites were evaluated for NH3 synthesis from N2
and H2. An MKM model for the same, was developed over the (111) terrace site and (211) step site of Ru
metal to understand the structural sensitivity for the reaction and the promotional effect of K, using the
elementary reaction steps as shown in equation (2.9) to (2.14) where * represents the active sites on the
catalyst surface [31].
N2(g) + * + * → N* + N*

(2.9)

H2(g) + * + * → H* + H*

(2.10)

N* + H* → NH* + *

(2.11)

NH* + H* → NH2* + *

(2.12)

NH2* + H* → NH3* + *

(2.13)

NH3* → NH3(g) + *

(2.14)

The adsorption energies of the surface intermediates and the transition state energies of the elementary
reaction steps were obtained from the CatApp database. The free energy diagram for the ammonia formation
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reaction over the (111) terrace and (211) steps sites at temperature 573 K/ 300 oC is presented in Figure 2.2.
The N2 dissociation barrier is the rate limiting step for both the (111) closed packed and (211) steps surfaces.
The activation barriers for the hydrogenation of the NHx species over both the (111) and (211) surfaces are
low compared to the N2 dissociation activation barrier and hence, not expected to be the rate-limiting step.
The N2 dissociation barrier is lower over the (211) step surface (1.93 eV) in comparison to the (111) closed
packed surface (2.52 eV), which is indicative of higher reactivity of step surfaces.

(a) N2(g)+3H2(g) → (a’) N-NTS+3H2(g) → (b) 2N*+3H2(g) → (c) 2N*+6H* → (c’) N-HTS+N*+5H* → (d)
NH*+N*+5H* → (d’) NH-HTS+N*+4H* → (e) NH2*+N*+4H* → (e’) NH2-HTS+N*+3H* → (f) NH3*+N*+3H* →
(g) NH3(g)+N*+3H* → (g’) N-HTS+2H*+NH3(g) → (h) NH*+2H*+NH3(g) → (h’) NH-HTS+H*+NH3(g) → (i)
NH2*+H*+NH3(g) → (i’) NH2-HTS+NH3(g) → (j) NH3*+NH3(g) → (k) 2 NH3(g)

Figure 2.2: Free Energy (G-TS+ZPE) diagram of ammonia formation from the reaction of N2 and H2 over the Ru
(111), Ru (211) and K-promoted Ru (211) surfaces at 573 K/ 300 0C.
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Ammonia production rate at atmospheric pressure over the Ru (111) and Ru (211) surfaces are plotted
against various reaction temperature as shown in Figure 2.3. As shown, the rate of ammonia formation
increases with temperature. Ammonia production rate at the Ru (111) surface is calculated to be negligible
(~10-14 s-1) at 573 K (300 oC), which increases to ~10-7 s-1 at 973 K (700 oC). The rates are many-fold higher
at the more reactive Ru (211) step surfaces, with turn over frequency (TOF) ~ 10-8 s-1 at 573 K, which
increases appreciably to TOF of ~0.1 s-1 at 973 K. These results show that the Ru (211) surface are most
active in NH3 synthesis at atmospheric pressure.

Figure 2.3: Ammonia production rate over the Ru (111), Ru (211) and K-promoted
Ru (211) surfaces at temperature range 573 K – 973 K. Total pressure 1 bar, N2:H2 in 1:3
ratio.

The higher reactivity of the step sites can be explained using two factors: electronic and geometrical [29].
As per the electronic effect, the under-coordinated step atoms lower the gap between the d-band and the
Fermi level leading to higher activity[32]. Geometrically, the placement of two N atoms nearest to one Ru
atom on the terrace sites give rise to strong repulsions [33] which are absent on the step sites leading to
their higher reactivity.
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Alkali promoters like K are known to enhance the rate of NH3 production by increasing the electron density
over the catalyst (Ru) surface. Figure 2.3 shows the effect of K promoter in the free energy profile of the
ammonia formation. The effect of the K promoter on the adsorption and transition energies have been
studied by Dahl et al. [34] and Vojvodic et al. [35]. As suggested by the authors, the N-NTS was stabilized
by 0.15 eV, whereas the N, NH, NH2 and NH3 species were destabilized by 0.01 eV, 0.23 eV, 0.27 eV and
0.56 eV, respectively, for the K-promoted Ru (211) surfaces. Similar results can be seen in the free energy
diagram (Figure SI-2) for K-promoted Ru (211) surface. The addition of K is also found to enhance the
ammonia production rate as shown in Figure 2.3. The TOF vs temperature plot for K promoted Ru (211)
shifts to almost one higher order of magnitude when compared to Ru (211) and reach an appreciable value
of ~1 s-1 at 973 K.
Since it has been established computationally that NH3 can be synthesized over K promoted Ru catalyst at
atmospheric pressure, two reactions, one at 300 oC (573 K) and the other at 600 oC (873 K) were carried
out over K-Ru-ɣAl2O3 catalyst under microwave irradiation with N2 and H2 as feed gases to validate the
computational data.

2.3.2 NH3 synthesis from N2 and H2 in a microwave reactor-experimental validation
Ru based catalysts, although highly active, are prone to H2 poising due to the high pressure (20-40 MPa)
conditions. Additionally, the high-pressure requirement raises the specific energy consumption of the
ammonia production. As suggested by the simulations in the previous sections, K promoted Ru catalyst is
capable of producing NH3 at atmospheric pressure thus potentially eliminating the high-pressure
requirement.
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Figure 2.4: Ammonia formation in ppm at 300 and 600 0C, atmospheric pressure (Feed: N2 & H2 at 1:3
molar ratio, catalyst: K-Ru/Al2O3)

This is verified by the experimental results plotted in Figure 2.4. A steady NH3 production of ~500 ppm is
obtained at reaction temperature of 300 oC. The NH3 concentration decreased to a steady value of ~150
ppm when the temperature was raised to 600 oC. As per an earlier report, on a similar reaction at 300 oC,
the NH3 production rate was reported to be 20 µmol/hour of NH3 per gram of Ru (4% by weight) catalyst
[36]. The amount produced in this reaction was 156 µmol/hour of NH3 per gram of K-Ru/ɣAl2O3. This
considerable improvement in the NH3 production can be attributed to the promoter effect of K, as illustrated
by the simulations made in the previous section.
2.4 Conclusion
N2 with its signature triple bond is a highly stable molecule. Its activation is analogous to high NH3
production. While the large-scale processing plants are dependent on energy intensive processes, the labscale research focus on material design and electrochemistry to carry out NH3 production at atmospheric
47

pressure and low to moderate temperatures (200-600 0C). In this chapter, it was demonstrated that a steady
NH3 production can be achieved at atmospheric pressure and a cumulative catalyst temperature of 300 0C.
Although far from being commercialized, this experimental proof-of-concept is step forward to energyefficient ammonia production. In conclusion, the K-Ru/ɣAl2O3 catalyst was capable of activating N2 under
MW irradiation.
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3. Activation of two highly stable molecules- nitrogen and methane to co-produce ammonia
and ethylene
3.1 Introduction
Natural gas is an important energy source and the main feedstock in producing valuable chemicals. There
are abundant natural gas resources around the world which are either physically or economically stranded.
A worldwide estimate of natural gas resources was reported to be 7.2 trillion cubic feet (Tcf) [1]. Despite
the wide availability, natural gas utilization is mostly limited to heat and electricity generation. Its effective
conversion to value added chemicals, while may increase the scope of utilization of widely available natural
gas, pose many challenges. Methane (CH4), a major component in natural gas is a very stable molecule and
typically requires additional feed, multiple reaction steps and/ or intensive reaction conditions to form
desired products. For example, production of methanol and higher hydrocarbons is only achieved through
syngas (CO + H2) which is made by reacting CH4 with either steam (steam methane reforming), CO2 (dry
reforming), or O2 (partial oxidation). Direct conversion of CH4 without going through syngas, on the other
hand, can theoretically cut down the capital and the operating cost by eliminating additional reaction stages.
However, these direct processes are not commercially feasible due to low product yield and difficult and
expensive separation processes [2]. Natural gas is one of the sources of hydrogen in a commercial ammonia
synthesis process, which is carried out at temperatures ranging from 380 to 575 °C and pressures ranging
from 150 to 250 atm. Optimization of process conditions as well as catalysts over the years have resulted
in some improvements, but the process still accounts for 1-2% of global energy consumption [3]. It has
become difficult to further optimize these processes without fundamentally changing the reaction
thermodynamics and kinetics.
In the past decade, several unconventional methods have been investigated to activate stable molecules
such as CH4 to improve the process efficiency and the energy consumption. New routes for direct methane
conversion to useful chemicals have been explored using novel catalysts design [4] and new reaction
chemistry [5]. However, these processes are limited by inefficient C-H activation leading to low product
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yield, especially at mild reaction temperatures. Activating two stable molecules, CH4 and N2
simultaneously, pose even greater challenges and requires novel techniques to tackle the same.
Microwave irradiation, an increasingly popular unconventional method, has been shown to intensify several
heterogeneous chemical reactions [6][7][8][9]. Microwave irradiation selectively heat the interface between
the active sites and reaction intermediates on the catalyst surface leading to rate enhancements, improved
product yield and conversions [10]. This selective heating of the catalyst surface occurs due to the coupling
of the radiations with dipoles in the solid catalyst by relaxation processes, such as dipolar or Debye, which
provide the required energy to the reaction while maintaining a lower bulk temperature for the given
reaction [11]. This ability of the microwave irradiations can be exploited to activate stable molecules such
as N2 and CH4 at moderate reaction conditions aided by a suitable catalyst.
In this chapter, we propose a microwave catalytic reaction that can activate CH4 and N2 simultaneously to
produce NH3 and C2 products in a single step process, represented schematically in Figure 3.1.

This

approach integrates microwave irradiations with novel heterogeneous catalysts that can simultaneously
activates CH4 and N2 molecules at atmospheric pressure and moderate surface temperatures. This new
reaction scheme aims to utilize CH4 as a direct H2 source to produce NH3 and valuable C2 products
(ethylene) thus offering two major advantages: (1) potential to build small-scale ammonia production plants
which meet the capacity of non-conventional energy sources, (2) direct utilization of stranded shale gas
eliminating H2 production cost in NH3 synthesis [12].
The non-oxidative catalytic conversion of CH4 to ethylene and ethane occurs in the following ways. First,
CH4 dissociates on the catalyst surface leading to C-H bond cleavage forming H-deficient CHx species.
Then, the oversaturation of CHx species on the catalyst surface results in the C-C bond coupling which
recombine to form C2H4 and C2H6 [13]. In a similar fashion, NH3 synthesis begins with the dissociation of
N2 and H2 on a catalyst surface. The activated N and H species combine to form NH x species which
recombine with the excess H to generate NH3 [14]. Simultaneous activation of CH4 and N2 essentially
requires two things: (a) the chemisorption of CH4 and N2 molecules and (b) the formation of reaction
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intermediates such as CHx and NHx on the catalyst surface. As explained in Chapter 2, Potassium (K)
promoted Ruthenium (Ru) based catalyst is most suitable for N2 activation to NH3. As for the CH4
activation, ɣ-alumina supported Ru catalysts adsorb CH4 better than cobalt based catalysts [15] and possess
better sticking probability of CH4 than Ni based catalysts at high surface temperatures [16]. Since Ru based
catalyst fits the requirement for the simultaneous production of NH3 and C2 products, it was chosen for this
investigation over other transition-metal based catalysts.

Figure 3.1: Proposed process scheme for single step utilization of methane and nitrogen in a
microwave catalytic reaction system

Despite the advent of new technologies aimed at improving process efficiencies in terms of product yield
and energy cost, the commercial application of these technologies cannot be realized unless there is a
thorough understanding of the reaction behavior at the molecular level. DFT and MKM simulations can be
a very useful tool in interpreting heterogeneous catalyst behavior, especially for a reaction as complex as
the one demonstrated in this work. This report investigates the feasibility of such a complex reaction using
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plane wave density function theory (DFT) and microkinetic modelling (MKM). The production trends and
the catalyst behaviors are rationalized using these computational models and conformed experimentally.
Further, an in-situ catalyst regeneration method is proposed based on the nature of the coke deposited on
the catalyst surface. Lastly, the coked catalyst is regenerated in the microwave reactor to examine catalyst
stability and reproducibility.
3.2 Material and methods

3.2.1 Catalyst preparation
The following chemicals were purchased from Sigma Aldrich: Ruthenium (III) Nitrosylnitrate, Potassium
Nitrate, and Alumina Oxide ɣ-Al2O3 (gamma phase, nano-powder, >99% purity, surface area- 100-200
m2/g). The catalyst was prepared using incipient wetness impregnation method. The appropriate amount of
Ruthenium (Ru) and Potassium (K) salts were dissolved in deionized water to create a catalyst composition
of 1% K and 4 % Ru metals by weight. Each salt solution was evenly dispersed over ɣ-Al2O3. The solid
mixer was first dried for 12 hours at 110o C and then calcined at 550o C for 5 hours at atmospheric pressure.

3.2.2 Catalyst characterization
Temperature programmed reduction (TPR) of the catalyst was carried out in a Micrometrics Autochem
2950 reactor. A sample size weighing 200 mg was heated to and maintained at 200 oC for 30 minutes under
25 ml/min of N2 gas. The sample was then cooled down to room temperature (30 0C) and heated again to
900o C at a ramp rate of 5 0C/min under a 25 ml/min steady flow of 10% H2 gas. The inbuilt thermal
conductivity detector (TCD) recorded the H2 consumption versus the temperature ramp. X-ray diffraction
(XRD) of the powder samples were analyzed in a PANalytical X’Pert Pro (PW3040) set to 45 kV and 40
mA that utilize Cu Kα radiation. The scans were taken from 10o to 800 at a scan rate of 5o/min. The peaks
were identified with the help of Highscore plus Analyses software supplied by PANalytical. The Raman
spectra was obtained using a Renishaw inVia Raman spectrometer at the green excitation line of 532 nm.
Temperature Programed oxidation (TPO) profile of the coked catalyst was obtained from Micrometric
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Autochem 2950 reactor. A sample size of 200 mg of spent catalyst was heated to 900 oC at a ramp rate of
5 oC/min under a steady flow of 10% O2 at 25 ml/min.

3.2.3 Experimental method
The experimental methods were similar to Chapter 2. All the reactions were carried out in a 10.5 mm ID
quartz tube loaded with 0.5 g catalyst, placed in a variable frequency microwave controller (Lambda
MC1330-200). The catalyst bed was first heated up to the reaction temperature (500, 550 and 600 oC) under
100 ml/min flow of N2 gas and at a fixed microwave frequency of 6650 MHz. Then, the feed gas mixtures
consisting of either CH4 & N2 or H2 & N2 in ratio of 3:1 were introduced at a flow rate of 100 ml/min. The
reactor configuration is same as Chapter 2 (Figure 2.1). The products were analyzed using a two-column
Agilent 3000 micro-GC and a mass- spectrometer (Thermo scientific-PrimaBT) connected in series. The
percentage CH4 conversion was defined as per equation (3.1).

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%) =

𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑖𝑛 𝑓𝑒𝑒𝑑 (%) − 𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑖𝑛 𝑝𝑟𝑜𝑑𝑢𝑐𝑡 (%)
× 100
𝑀𝑒𝑡ℎ𝑎𝑛𝑒 𝑖𝑛 𝑓𝑒𝑒𝑑 (%)

(3.1)

3.2.4 Computational method
The computational methods were same as mentioned in section 2.2.4 of Chapter 2. In addition to the NH3,
the steady state catalytic production rates of C2Hx species over Ru(111) and Ru(211) surfaces were
calculated using the MKM. The inputs were same as N2/H2 reaction mentioned in Chapter 2. Additionally,
energies of the intermediates and transition states formed in CH4/N2 reaction were calculated using the

𝐸𝐶𝑥𝐻𝑦N𝑧 = 𝐸𝑠𝑙𝑎𝑏 + 𝐶𝑥𝐻𝑦𝑂𝑧 − 𝐸𝑠𝑙𝑎𝑏 − [ (𝐸𝐶𝐻4 − 2𝐸𝐻2 ) + 𝑦/2 𝐸𝐻2 + 𝑧(𝐸NH3 – 3/2𝐸𝐻2 )]
formula shown in equation 3.2,
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(3.2)

where, 𝐸𝑠𝑙𝑎𝑏

+ 𝐶𝑥𝐻𝑦𝑂𝑧,

𝐸𝐶𝐻4, 𝐸𝐻2, 𝐸NH3 is the energy of adsorbed intermediate, clean surface, methane,

hydrogen and water, respectively.
The rest of the methodology related to the simulation work is already mentioned in Chapter 2.
3.3 Result and discussion
The major source of H2 for commercial NH3 production is the steam methane reforming process (SMR)
which has a high production cost [17]. A process that utilizes CH4 from natural gas as a direct source of H2
in a single step NH3 formation and simultaneously produce valuable C2 products can potentially eliminate
the production cost associated with the SMR. After evaluating K-Ru-ɣAl2O3 catalyst over N2 and H2 feed
(Chapter 2), and demonstrating its capability to produce NH3, the feed gases were changed to CH4 and N2
in the molar ratio of 3:1. At the reaction conditions of 600 oC/ 873 K and atmospheric pressure, the terrace
(111) and the step (211) sites of the Ru crystals were studied using MKM to evaluate its capability to
simultaneously produce NH3 and C2 products.

3.3.1 MKM result for NH3 and C2 products formation
Non-oxidative coupling of CH4 (NOCM) is thermodynamically unfavorable and rapid coking limits the
catalyst activity. However, high selectivity of C2 products at lower temperatures still makes it a valuable
process in theory. While many studies have been done on NOCM in a microwave catalytic reaction, none
has been exclusively focused on acetylene (C2H2), ethylene (C2H4) and ethane (C2H6) production while
simultaneously activating N2 to form NH3 gas.
After demonstrating the role of step (211) sites in enhancing NH3 synthesis on of K-promoted Ru catalyst
from N2 and H2, the K-promoted Ru (111) and Ru (211) surfaces were evaluated for the NH3 and C2Hx
production from N2 and CH4 reaction. The already build N2+H2 MKM model (equations 2.9-2.14, Chapter
2) was appended with the elementary reaction steps to model the CH4 as a H2 source instead of pure H2, for
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step-wise CH4 dissociation to C+H, the C-C coupling of CH2 and CH3 species to form C2H4 and C2H6 gas
and the coke formation, where * represents the active sites. Coke formation and subsequent deactivation of
the catalyst is a major problem in using CH4 as an alternative hydrogen source and will be discussed in
detail in the later sections.

N2(g) + * + * → N* + N*

(3.3)

CH4(g) + * + * → CH3* + H*

(3.4)

CH3* + * → CH2* + H*

(3.5)

CH2* + * → CH* + H*

(3.6)

CH* + * → C* + H*

(3.7)

N* + H* → NH* + *

(3.8)

NH* + H* → NH2* + *

(3.9)

NH2* + H* → NH3* + *

(3.10)

NH3* → NH3(g) + *

(3.11)

H* + H* → H2(g) + * + *

(3.12)

CH3* + CH3* → CH3CH3(g) + * + *

(3.13)

CH2* + CH2* → CH2CH2(g) + * + *

(3.14)

C* + C* → C2* + *

(3.15)

C2* + C2* + C2* → C6* + * + *

(3.16)

C6* → C2(g) + *

(3.17)

Free energy diagram for the N2 and CH4 reaction over the K-Ru (211) to form NH3 and C2Hx species are
shown in Figure 3.2. In the N2 and CH4 reaction, the methane is activated first to produce CH3 and H (step:
a→ b), and the cycle is repeated (b→ c) to produce 2CH3 and 2H over the K-Ru (211) surface. The
activation free energy for the C-H bond dissociation of CH4 (a→ a’) over K-Ru (211) was calculated to be
1.70 eV.
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(a) 2CH4(g) → (a’) CH3-HTS+CH4(g) → (b) CH3*+H*+CH4(g) → (b’) CH3-HTS+CH3*+H* → (c)
CH3*+CH3*+2H* → (c’) CH2-HTS +CH3*+2H* → (d) CH2*+CH3*+3H* → (d’) CH2*+CH2-HTS +3H* → (e)
CH2*+ CH2*+4H* → (e’) CH-HTS+CH2*+4H* → (f) CH*+ CH2*+5H* → (f’) CH-HTS+CH*+5H* → (g) CH*+
CH*+6H* → (g’) C-HTS + CH*+6H* → (h) C*+ CH*+7H* → (h’) C-HTS + C*+7H* → (i) 2C*+8H* → (i’) CCTS+8H* → (j) C2+8H* → (k) C6(coke)+8H*; (c)→ (c1’) CH3-CH3TS+2H* → (d1) C2H6(g)+2H* → (e1)
C2H6(g)+H2(g); (e)→ (e2’) CH2-CH2TS+2H* → (f2) C2H2(g)+2H* → (g2) C2H4(g)+H2(g); (k) → (k’) N-NTS
+8H*+C6(coke) → (l) 2N* +8H*+C6(coke) → (l’) N-HTS +7H*+C6(coke) → (m) NH*+N*+7H*+C6(coke) →
(m’) NH-HTS +6H*+C6(coke) → (n) NH2*+N*+6H*+C6(coke) → (n’) NH2-HTS+5H*+C6(coke) → (o)
NH3*+N*+5H*+C6(coke) → (p) NH3(g)+N*+5H*+C6(coke) → (s) NH3(g)+NH3*+2H*+C6(coke) → (t)
NH3(g)+NH3*+H2(g)+C6(coke) → (t) 2NH3(g)+H2(g)+C6(coke); (k) → (l3) C6(coke)+4H2(g)

Figure 3.2: Free Energy (G-TS+ZPE) diagram showing the different routes for the NH 3, C2H6 and C2H4
formation from the reaction of N2 and CH4 over the K-promoted Ru (211) surfaces, T = 873 K

The production of NH3 is calculated to be low over the K-Ru (111) surface as shown in Figure 3.3. The
production rate of NH3 was calculated to be < 10-15 s-1 at 573 K (300 0C), which increases to TOF ~ 10-8 s1

at 973 K (7 00 0C), which is too low to obtain an appreciable ammonia production. In comparison, the

production of C2H6 and C2H4 was found to relatively high as shown in Figure 3.3(a).
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Figure 3.3: Rate of production of NH3, C2H4, C2H6 and H2 over the K-promoted (a) Ru (111) and (b) Ru (211)
surfaces at temperature range 573 K – 973 K. Total pressure 1 bar, N2:CH4 in 1:3 ratio.

The production rate of C2H6 is found to be independent of temperature variations and remain constant at
10-6 s-1 in the temperature range 573 K – 973 K. The production rate for C2H4 is comparatively higher, 10-4
s-1 at temperature 573 K and increases to 10-3 s-1 at 750 K (477 0C). The production rate of C2H4 deceases
at temperature greater than 750 K due to the favorable formation of coke from C2H4. Above 900 K (627
0

C), no C2H4 production is observed, as shown in Figure 3.3(a). The production rate of H2 from

decomposition of methane is calculated to be very high at the temperature range studied here, with TOF 1
s-1 achieved at 800 K which increases to TOF ~ 102 s-1 calculated at 973 K.
As shown in Figure 3.3(b), the K promoted Ru (211) surface was found to be more active than the closed
packed (111) surface. The NH3 production rate is calculated to be ~ 10-12 s-1 at 573 K and increased to TOF
~ 10-3 s-1 at 973 K, which is nearly five orders of magnitude higher than the NH3 production rate on K-Ru
(111) (Figure 3.3(a)). The production rate for C2H6 is negligible, TOF < 10-12 s-1 at 973 K (Figure 3.3(b)).
The C2H4 formation showed an interesting production trend over the K-Ru (211) surface. At temperature
below 760 K, no ethylene formation is observed. C2H4 preferably undergoes dissociation to form coke at
temperatures below 760 K (Figure 3.3(b)). At higher temperatures, appreciable C2H4 production rate was
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observed with TOF ~ 10-2 s-1 at 762 K and increasing to TOF ~ 1 s-1 at 973 K. The hydrogen production
rates found to be high over the K-Ru (211) surface (Figure 3.3(b)), similar to the production rates calculated
at the K-Ru (111) surface (Figure 3.3(a)).
Following are the summary of inferences made from the computational results:
1. The step (211) sites are most prone to methane dissociation and H2 production.
2. Similarly, NH3 production is predominant on (211) sites while C2 products are produced
appreciably both on (111) and (211) sites.
3. Formation of C2H6 is most favorable on the terrace (111) sites and independent of reaction
temperature.
4. At temperatures higher than 760 K, formation of C2H4 is favorable on (211), but decrease with the
increase in temperature on (111) sites. This imply that at reaction temperatures above 760 K, (211)
is the most active site for C2H4 production.

3.3.2 Microwave irradiation effect on K-Ru-ɣAl2O3 catalyst and CH4 & N2 reaction:
The interaction of heterogeneous catalyst with microwave irradiations can be categorized into thermal and
non-thermal [18]. The thermal effect essentially heats up the catalyst surface in a non-uniform manner due
to two loss mechanisms called Debye loss and charge carrier process. In both mechanisms, the inherent
resistances of the free electrons to the oscillating or rotating electromagnetic field of the microwave leads
to conduction losses, thereby heating the catalyst surface. The availability of free electrons are localized
due to the defects and vacancies on the solid surfaces[19]. Hence, the thermal effect may be confined to
the location of those defects causing local heating and hot-spot formation [20]. Several reports have
attributed their better reaction efficiency due to the thermal effects of the microwave irradiation [6–8,10].
The non-thermal or “microwave-specific” effect has also been argued to considerably improve reactions
rates when compared to conventional heating system[21–24]. It has been postulated that a part of
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microwave energy is directly absorbed by the reactant molecules changing their internal energy which leads
to decrease in activation energy [25].
Table 3.1. Effect of Microwave on the N2 dissociation barrier and NHx adsorption energies.
*Note: NH3 adsorption energy the maximum adsorption energy limit was set to 0.1 eV.

Energy (eV)

Surface species

K-Ru (211)

K-Ru (211) MW

N-NTS

2.52

2.07

N*

0.33

0.36

NH*

0.19

0.91

NH2*

-0.59

0.22

NH3*

-0.41

0.1*

It is suggested that our reaction system is exposed to both thermal and non-thermal effects of the microwave
energy. As for the non-thermal effect, the presence of extra electric field of the microwave at the K-Ru
(211) surface may have a very pronounced stabilizing effect for the N-NTS species [26]. As shown in Table
3.1, the N2 dissociation barrier was 0.45 eV lower at the K-Ru (211) surface under microwave irradiation
compared to the normal K-Ru (211) surface. The adsorption energies of surface species may also be affected
by the extra electric field and hence the adsorption energies of N, NH, NH2 and NH3 were also increased
by 0.03 eV, 0.72 eV, 0.84 eV and 0.4 eV.

To study the microwave specific-effect in the activity of K-Ru (211) surface, MKM was simulated with the
energies obtained over the negatively charged K-Ru (211) surface. The production rates of NH3, C2H4, C2H6
and H2 gas under the microwave condition are shown in Figure 3.4. The production rate of ammonia
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increases nearly three-fold and reached TOF ~ 10-5 s-1 at 973 K. The higher ammonia production activity
under the microwave irradiation can be attributed to the lowering of N2 dissociation barrier, hence
establishing the possibility of non-thermal effect of the microwave irradiation.

Figure 3.4: Rate of production of NH3, C2H4, C2H6 and H2 over the K-promoted (Ru
(211) surfaces at temperature range 573 K – 973 K under the microwave radiation.
Total pressure 1 bar, N2:CH4 in 1:3 ratio.

3.3.3

NH3 and C2 products from reaction of CH4 and N2 in a microwave reactorexperimental validation

CH4, despite having the highest carbon to hydrogen atom ratio among all the hydrocarbons, is not utilized
to its full potential in chemical industries. The strong and localized C-H bonds, with a bond energy of 412
kJ/mol, make it a very stable molecule [27]. Formation of ammonia from N2 requires activation of highly
stable N≡N bond and can only achieved at high pressure and temperature [28]. The high energy requirement
in simultaneously activating such stable molecules such as CH4 and N2 can be supplied through a
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microwave catalytic reactor. The heating mechanisms involved in the same can selectively heat the catalyst
surface without raising the bulk temperature of the reaction and thus, activating CH4 and N2 together in a
single step reaction.

Figure 3.5: (a) CH4 conversion in percentage (b) H2 in the product stream in volume percentage at 500
0
C, 550 0C, & 600 0C, atmospheric pressure

Figure 3.6: Thermal imaging of the catalyst surface at 600 0CFigure 3.5: (a) CH4 conversion in
percentage (b) H2 in the product stream in volume percentage at 500 oC, 550 oC, & 600 oC, atmospheric
After
establishing the feasibility of simultaneous production of NH3 and C2 products at 6000C and
pressure

atmospheric pressure computationally, experiments were conducted with feed gases CH4 and N2 in the mole
ratio of 3:1 at atmospheric pressure. Figure 3.5(a) represents the CH4 conversion in percentage over KRu/ɣAl2O3 catalyst at three different temperatures. At the beginning, CH4 conversion of 87%, 93% and
94% are observed at 500, 550 and 600 0C respectively. After 5 minutes, the conversions at 500 0C and 550
0

C drops to 12% and 22 %, respectively. The same reach another maximum of 97% at 600 0C. The CH4

conversion eventually drops to around 10% after 15 minutes into the reaction at all the three temperatures,
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which eventually stabilizes at around 3%. Figure 3.5(b) shows the formation of H2 in volume percent. The
concentration of H2 is observed to be 77%, 83% and 85% at 500, 550 and 600 0C at the start of the reaction.
At the reaction time of about 5 minutes, it drops to 14 and 22 % at 500 and 550 0C respectively while at
600 0C, it reaches a maximum of 89 %. As the reaction progresses, the H2 concentration reaches a constant
value of around 8% at all the three temperatures.
As shown in Figure 3.5, there is a significant increase in the H2 production and the CH4 conversion at 600
C. This non-typical trend can be explained by localised heating or “hot-spot” fromation on the catalyst

0

surface. Heterogeneous catalysts under microwave heating can be susceptible to non-uniform surface
heating, also called the “hot spot” effect, due to the difference in absorbance capability of microwave power
between the metal particles and support [29], while keeping the bulk temperature at 600 0C. The
convetionally heated non-oxidative methane coupling even with the best catalyst require a minimum
temperature of 700 0C to show considerable CH4 conversion [30,31].

Figure 3.6: Thermal imaging of the catalyst surface at 600 0C

Figure 3.7: Ammonia production from CH4 and N2 in a microwave reactor
at 500 0C, 550 0C, and 600 0C at atmospheric pressureFigure 3.6: Thermal
imaging of the catalyst surface at 600 0C
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In an attempt to have a direct experimental evidence of hot-spots on the catalyst surface, a thermal imaging
camera was installed to read the surface temperature on a micro-scale. The image obtained from the thermal
camera can be seen in Figure 3.6. The highest and the lowest temperature observed on the catalyst surface
were 930 0C and 672 0C, respectively.

The concentration of the NH3 produced over time is shown in Figure 3.7. The maximum amount of NH3
produced at 500, 550, and 600 0C are 417, 320, and 215 ppm, respectively. The Micro-kinetic models
generally simulate reactions when they are far from the equilibrium and the conversion of the reactant gases
are minimal. In this MKM model, product gas concentrations were set to 0.00001 bar (~0.002% reactant
gas conversion) and the rates obtained were the rates of the reaction at the very start when the reaction is

Figure 3.7: Ammonia production from CH4 and N2 in a microwave reactor at 500 0C, 550 0C, and
600 0C at atmospheric pressure
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far from equilibrium. Hence, when the temperature rises, the product concentration increases due to the
increase in reactant gas conversion.

In the experimental runs, as the reaction approaches the equilibrium, the forward reaction rate increases
with the increase in temperature. The resultant increase in the product gas concentration raises the backward
reaction rate. This competition between the forward and backward reaction rates eventually decreases the
overall rate of conversion, thus decreasing the ammonia production. The equilibrium conversion of N2 and
H2 towards NH3 decreases with temperature at ambient pressure and is very low (<1%) at temperature over
700 K [32]. The decrease in the conversion at higher temperature observed experimentally can be attributed
to the decrease in the equilibrium conversion due to the overall thermodynamic limitation of ammonia
production at ambient pressure.

Regardless of the temperature variations, the NH3 production stops after the first few minutes in the
reaction. This production trend can be explained by the postulations made in Section 3.3. The step sites
(211) of K-Ru are most active for both NH3 formation and CH4 dissociation to C and H2. At the beginning,
both the reactions occur simultaneously but after few minutes, the highly active step sites are blocked by
carbon deposition and thus halting the NH3 production. On the other hand, K-Ru terrace (111) sites remains
active continuing the formation of C2 products, as shown in Figure 3.8. The C2H6 production reaches a
maximum around 0.15 volume%. The production trend for C2H6 remains almost the same throughout,
irrespective of the different reaction temperatures. The “hot-spot” effect is most visible in C2H2 production
(Figure 3.8b). At temperatures 500 and 550 0C, no appreciable amount of C2H2 is produced. At 600 0C, on
the other hand, there is sharp increase in C2H2 concentration reaching a maximum of 0.6 % by volume
which stabilize at 0.1% in the duration of 20 minutes. The production of ethylene is highest among all the
C2 products reaching a maximum of 0.8 % by volume and decreases at lower temperatures. The appreciable
increase in C2H4 concentration at 600 0C can also be explained by the non-uniform heating of the catalyst
surface by the microwave.
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Figure 3.8: The concentration in volume percent over time of C2H6 (a), C2H4 (b) and C2H2 (c) at 500, 550, &
600 0C

Similar reactions conducted without microwave coupling resulted in negligible CH4 conversion. There was
no NH3 and C2H4 formation and a very low amount of ethane (a maximum of 60 ppm) was produced. This
indicates that microwave coupling is essential to the simultaneous activation of CH4 and NH3, leading to
the product distribution presented in this article.

3.3.4 Mechanism of catalyst deactivation and in-situ regeneration
To understand the deactivation of the catalyst, the rate of coke formation during the CH 4 and N2 reaction
was studied over the K-promoted Ru (111) and Ru (211) surfaces. The production rate of coke over the two
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surfaces are shown in Figure 3.9. The coke formation rate was calculated to be at least one order of
magnitude higher over the (211) step surfaces compared to the less reactive (111) closed-packed terrace.
The coke formation rate over both the K-Ru surfaces is much higher compared to the ammonia formation
rate (Figure 3.3b), and comparable to the hydrogen production rate (Figure 3.3b). From the MKM study of
the reaction between N2 and CH4 to produce NH3, C2H4 and C2H6, it can be observed that the
undercoordinated (211) step sites are very important for the N2 activation and NH3 formation. However,
these highly active (211) step sites can also be deactivated quickly due to coke deposition. Once the (211)
step surfaces are blocked, the N2 dissociation will become difficult due to higher activation barrier at the
(111) surface, which will drastically lower the ammonia production rate as seen in the experiment.

Figure 3.9: Rate of production of coke over the K-promoted (a) Ru (111) and (b) Ru
(211) surfaces at temperature range 573 K – 973 K. Total pressure 1 bar, N2:CH4 in
1:3 ratio.

Catalyst deactivation due to coke formation is one of the major reasons leading to non-continuous NH3
formations. The coking of K-Ru-ɣAl2O3 catalyst can be understood with the fundamentals of surface
science. Ru surfaces are known to decompose CH4 to CH and CCH2 species and from only inactive graphite
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carbon at temperatures above 700 K [33]. Hence, a reaction was designed to elucidate the effects of coking
on the NH3 disappearance as the reaction progresses.

Figure 3.10: Simultaneous hydrogenation of coke as indicated by CH 4 formation (a) and reappearance of NH3
in the product stream (b) at 600 0C, atmospheric pressure

The spent catalyst (K-Ru-ɣAl2O3), once stabilized after the previous reaction, was first blown with pure N2
gas to purge out any left-over products and feed gases. After a duration of fifteen minutes, pure H2 was
introduced at a mole percent of three times that of N2. The catalyst behavior under these circumstances on
NH3 production can be seen in Figure 3.10. When the CH4 feed is stopped, a steady production of NH3
around 50 ppm is observed while the leftover CH4 is blown out of the reactor. This reappearance of NH3
could be due to the saturated H* present on catalyst surface as the result of CH 4 dissociation. The active
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species, H* and N* may be combining to form a small amount of NH3. As soon as H2 was introduced into
the reactor, the volume percentage of CH4 in the product gas mixture shot up to 0.4%, eventually stabilizing
around 0.25% with a steady NH3 production of around 100 ppm.

Figure 3.21: H2- TPR profile of 1%K-4%Ru/Al2O3 catalyst

The reappearance of NH3 on replacing CH4 in feed with H2 signifies that some species of coke gets
hydrogenated to form CH4 at the reaction temperature, freeing a few active sites on catalyst surface. The
carbonaceous species deposited on Ru based catalyst are known to form mostly CH4 when hydrogenated at
temperatures above 600 0C [34]. A TPO profile of the spent catalyst (Figure 3.11) shows two overlapping
peaks at 775 (502 0C) and 885 K (612 0C). The lower temperature peak could correspond to the more
reactive coke species owing to the small reaction time, which can hydrogenate to form CH4 [35]. The broad
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peak ranging from 625 K and to a temperature over 950 K corresponds to CO2 production from oxidation
of non-hydrogenating graphitic coke [36].
This particular catalyst behavior can be explained using the surface characteristics of K promoted Ru
catalyst, represented schematically in Figure 3.12. At the beginning of the reaction, (211) sites are most
active and favors both NH3 and C2H4 formation. Terrace sites (111), on the other hand, only favors the
formation of C2 products. Due to the high activity of (211) sites, coking blocks them and thus NH3
production stops. The terrace (111) sites continue producing C2 products because they are less prone to
coking and hence the catalyst remains active for C2 production. When H2 is introduced after a while into
the reactor along with N2, the more reactive species of coke, as indicated in the TPO analysis (Figure 3.11)
capable of hydrogenating at 600 oC, forms CH4 and leave some step (211) sites empty for N2 dissociation
which resumes the NH3 production.

Figure 3.13: Schematic representation of coking on the active step (211) sites leading to blockage in NH 3
production: Green dots are (211) sites, light blue: terrace (111) sites, Grey: Coke

Based on the TPO profile, the catalyst was regenerated with 2% O2 at the reaction temperature. After 30
minutes of regeneration and a suitable duration of purging with N2, the feed was switched to N2 and CH4
(1:3 molar ratio). The CH4 conversion and H2 production in volume% are plotted in Figure 3.13. The
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maximum CH4 conversion and H2 concentration in cycle 2 is observed to be around 70 % which stabilize
around 3% over 30 minutes duration. The C2 product concentration trends in both the cycles can be seen in

Figure 3.13: Comparison of CH4 conversion (a) and H2 production in (b) in two cycles. Cycle1- Run on fresh
catalyst, cycle 2- Run on regenerated catalyst.

Figure 3.14. The highest amount of C2H4 produced in cycle 2 is 0.56 volume% which is around 16% less
than the maximum amount produced in cycle 1. The C2H6 production trend in cycle 2 seems to be higher
in concertation than cycle 1 with a maximum concentration around 0.2% while the same being only 0.11
% for cycle 1. After 16 minutes, the C2H6 concentration in cycle 1 increases by 33.3% compared to cycle
2 and stabilize at that value. C2H2 in cycle 2 has a maximum at 0.15% while the same in cycle 1 is at 0.54
% by volume. C2H2 production is observed well beyond 20 minutes in cycle 1 as compared to only 8 minutes
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in cycle 2. Since C2H2 is usually produced from CH4 at very high temperatures (>1000 0C), it appears that
the hot-spots created on the catalyst surface in cycle 2 does not retain itself for long. Hence, C2H2 produced
in cycle 2 is considerably lower than that in cycle 1.

Figure 3.14: Comparison of C2 product concentration in two cycles. Cycle 1- Run on fresh catalyst,
Cycle 2- Run on regenerated catalyst

In cycle 2, no NH3 production was observed. As per the XRD analysis (Figure 3.15) alumina (catalyst
support) changes its phase from ɣ to α. Alumina exits in many crystalline forms, out of which ɣ and α are
the most stable. The α phase results from the exposure of ɣ phase to temperatures greater than 900 0C [37].
Microwave irradiations inevitably expose the catalyst to higher temperatures by creating hot-spots, which
explains the change of phase in alumina. The exposure of ɣ-Al2O3 to higher temperatures changes its
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morphological properties such as pore size, surface area and pore volume, which may adversely affect the
ammonia production on the regenerated catalyst [38]. Alumina supported Pd and Pt based catalysts have
been shown to vary in the particle morphology and dispersion between ɣ and α phases, with ɣ performing
better than α-Al2O3 supported catalyst [39]. The Ru metal interaction with the α-Al2O3 may have eliminated
the ammonia production over the regenerated catalyst.

Figure 3.15: XRD pattern for ɣAl2O3 (a), unreduced catalyst (b), reduced
catalyst (c), spent catalyst(d), microwave treated under inert gas (no
reaction) (e), regenerated catalyst (f)

74

Figure 3.15 shows the XRD data for the catalyst in various stages. The diffraction peaks at 2Ѳ = 38.390
(100), 42.28 (002), 43.84 (101), 58.04 (102), and 69.07 (110) corresponds to Ru crystals (JPCDS No. 06663). Based on the XRD peak analysis (using Scherrer’s equation) of unreduced and the reduced catalyst,
the particle size of Ru2O and Ru metal particles were found to be 55.6 nm and 8.9 nm respectively. The
exposure of the catalyst to the microwave at 600 0C change the phase of alumina from ɣ to α. Boehmite and
gibbsite phases are also observed in the regenerated catalyst (f), as indicated by the unmarked peaks in
Figure 3.15(b). The change in phases are similar to the ones observed during calcination at higher
temperatures [37], stipulating the presence of hot-spots on the catalyst surface.

Figure 3.16: Raman spectra of spent 1%K-4% Ru/Al2O3 catalyst
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Additionally, there is some graphitic carbon still present in the regenerated catalyst as shown in Figure 3.15
(d). The coke deposition is confirmed by the Raman spectra of the spent catalyst in Figure 3.16, which may
also have affected the ammonia production in cycle 2. The D and G bands indicate the presence of
polycrystalline graphite on the spent catalyst [40] [41]. The peaks between 2500 and 3000 cm-1, assigned to
be 2D1 and 2D2 are the second order Raman features associated with bulk graphite phases [41,42].
3.4 Conclusion
In a first of a kind reaction, this chapter establishes the possibility of building a single-step small scale
reaction system that has the potential of utilizing stranded natural gas resources in direct manner to produce
value-added chemicals. The small-scale atmospheric pressure ammonia synthesis can not only lower the
high energy requirements of the conventional production plants but also promote the use of the low-capacity
and intermittent, renewable energy resources.
This article demonstrates the simultaneous activation of CH4 and N2 in a microwave catalytic reaction to
produce NH3 and C2 products. Given the complexity of such a reaction, a molecular level understanding of
the reaction mechanism and catalyst deactivation is carried out using DFT and MKM simulations. It was
found that the most active, step sites of the Ru based catalyst favors NH3 production as well as CH4
dissociation to C and H2, hence explaining the non-continuous NH3 synthesis. The C2 products formation,
on the other hand, continues despite the coking because the terrace sites of K promoted Ru crystals remains
active for longer duration than the step sites. A thorough experimental analysis is conducted to validate the
computational data. The microwave specific effect on the catalyst and the ammonia synthesis reaction is
demonstrated by reduction in the activation energy of the intermediate reaction species. Thus, establishing
the possibility that the elementary reactions leading to NH3 formation are due to the non-thermal effects
while the C2 products formation are due to “hot-spot” formation or the thermal effects of microwave
irradiation. The catalyst is further investigated for its ability to regenerate by employing in-situ regeneration
technique using H2, at first and then O2. The structural properties of the regenerated catalyst are then used
to explain its reaction behavior.
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4. Activation of methane in microwave (MW)-enhanced Ar plasma afterglow
4.1 Introduction
The afterglow region of a plasma is the volume space located a little farther from the waveguide region.
The waveguide region is the area where MW interact with the feed gas to generate plasma, which is initiated
using an external spark. The plasma afterglow region is known to contain active species which are usually
long lived and energetic enough to bring about a chemical reaction. Hence, they are widely studied in
applications such as nitriding, nitrocarburizing, detoxification of gases, simulating planetary atmospheres
and chemical processing [1–4]. In fact, Nitrogen plasma afterglow has been used to activate CH4 to produce
cyanides and C2 hydrocarbons[5–7].
The objective of this chapter is to investigate the capability of Ar plasma afterglow in activating a feed gas
mixture of CH4 and N2. There are a few reasons behind this chapter’s attempt to investigate such a problem.
First, generating N2 afterglow at atmospheric pressure requires a high-power input which inevitably put the
cavity region in a temperature range high enough to melt the quartz tube. Second, a better cooling
technology was not available for the reaction system in out laboratory to prevent the overheating and the
subsequent melting of the quartz tube. Hence, investigating the activation of CH4 and N2 in the Ar plasma
afterglow was the better choice. It does offer several advantages:
(i)

The region is usually cold at atmospheric pressure leading to methane activation without
excessive coking.

(ii)

The Ar feed gas, used to generate plasma, can be continuously or intermittently exposed to the
waveguide leading to a stable plasma generation.

(iii)

The reactive species do not alter the power requirements, which is usually the case when the
reaction occur in the waveguide region.

(iv)

The coolant flow rate can be fixed for the same reason.
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In this chapter, the afterglow of MW activated Ar plasma is used to convert CH4 to C2H2 and H2. There was
no formation of N2 based products such as HCN or NH3, indicating that Ar after glow is not capable of
activating N2. The effects of two types of reactor configurations were investigated and compared on CH4
conversion and product selectivities. This approach not only eliminates the vacuum requirement but also
reduce coke deposit on the tube wall leading to a continuous conversion of CH4. The objectives of designing
the reactors were to continuously expose the Ar plasma afterglow to the feed gas mixture of CH4 and N2.
The reactor configurations were varied to improve CH4 conversion and the yield of acetylene and Hydrogen
using MW-activated Ar plasma afterglow.
4.2 Experiment
The plasma was generated at atmospheric pressure in a 2.45 GHz, 3 KW Downstream Plasma Source
(WR340, Sairem). The power during the experiments were kept fixed at 550 W. The Ar gas was fed directly
to the MW cavity and plasma was generated using an external spark. CH4 and N2 gas mixture was fed
directly into the afterglow region as explained in the subsequent sections. N2 feed concentration was kept
fixed at 10%, CH4 feed varied from 10 to 30%, Ar gas was used as a balance to keep the total flow rate at
100 sccm.

4.2.1 Reactor configuration-1:
The reactor is designed as shown in Figure 4.1. A smaller diameter tube is inserted halfway through a higher
diameter quartz tube. The inlet fittings consist of a T-section. The Ar is fed from the side and after the
plasma is generated using an external spark, the CH4 and N2 feed is blown from the top. Since the top fitting
is connected to the smaller quartz tube, the reactive gases appear only in the afterglow region. This
configuration ensures that the plasma remains undisturbed by the chemical reactions.
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Figure 4.1: Reactor configuration 1

Figure 4.2: Reactor-tube Configuration-2Figure 4.3: Reactor
configuration 1

Figure 4.2: Reactor-tube Configuration-2
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4.2.2 Reactor configuration-2
This reactor configuration follows the same principle of keeping the reactive gases out of MW cavity zone
as the configuration-1. As shown in Figure 4.2, the CH4/N2 feed in this set-up is fed from the bottom of the
while the Ar blows in from the top. The feed flow rates are adjusted to ensure that Ar blows in faster that
CH4/N2 feed enters the plasma afterglow region.
4.3 Result and discussion

4.3.1 Reactor configuration-1: conversion and product distribution
The CH4 conversion and H2 concentration can be seen in Figure 4.3. Since CH4 is activated in the afterglow
region of the Ar plasma, the feed concentration of same impacts its conversion and H2 production. The
highest H2 production of 0.85% is observed when the CH4 feed is at 20%. The H2 concentration were 0.65%
and 0.42% at CH4 feed concentration of 30% and 10%, respectively.

Figure 4.3: Methane conversion (%) and Hydrogen conc. (vol%) in Reactor-Tube configuration 1, 550 W
power, atmospheric pressure

The CH4 conversion is lowest (~12%) at the CH4 feed concentration of 20% and highest (>20%) for 30%
CH4 feed. The conversion at 10% CH4 feed was around 18%. The C2 production profile is shown in Figure
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4.4. The C2H4 and C2H2 formation is highest, (0.022 vol%, 0.18 vol% respectively) at 20% CH4 feed. The
same are lowest when CH4 feed is at 30%. The C2H6 concentration profile shows similar pattern when the
CH4 feed concentration is varied but the differences are not as stark as in C2H4 and C2H2 concentration
profile.
The highest conversion of CH4 (>20%) at 30% feed does not produce the highest C2 and H2. Since the total
flow rate of the feed is maintained at 100 ml/min, Ar feed concentration decreases from 80 to 60% as the
CH4 feed concentration increases from 10 to 30% (balance N2). The lower Ar concentration implies a
decrease in the number of active plasma species that are instrumental in CH4 conversion to C2 and H2. A
free radical study of post discharge or afterglow region of Ar plasma interaction with CH 4 has shown the
presence of CH2 radicals which are detectable only at lower CH4 concentration [8].

Figure 4.4: Acetylene, Ethane, Ethylene production in Reactor Configuration 1- Power=550 W, Atmospheric
Pressure
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These radicals may also be instrumental in CH4 conversion to C2 products and H2. It is possible that at 30%
CH4 feed, the low concentration of CH2 radicals lead to the least product formation rate. Based on the above
results, it is concluded that a CH4 feed of 20% is optimum for C2 products and H2 formation in the afterglow
region of Ar plasma at 550 W power and atmospheric pressure for the reactor configuration-1.

4.3.2 Reactor configuration-2: conversion and product distribution

Figure 4.5: Methane conversion (%) and Hydrogen conc. (vol%) in Reactor-tube
configuration-2. Power=550 W, atmospheric pressure.

In reactor configuration-2, the CH4 conversion and H2 production profile can be seen in Figure 4.5. The
conversion at 10% CH4 feed is higher by at least 10% than the conversion at 20% CH4 feed. The same
pattern is observed in H2 production. The concentration of H2 is 1.3% and 1.8% at CH4 feed concentration
of 20% and 10% respectively. Similar to reactor configuration-1, lower CH4 concentration in the feed favors
high conversion and H2 production.
The C2 product profile can be seen in Figure 4.6. At CH4 feed conc. of 10%, the C2H2, C2H6 and C2H4
concentration is higher than the same at CH4 feed concentration of 20%. The higher methane feed and the
subsequent lower Ar feed leading to lower conversion and product formation can again be explained by the
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reduction in the number of reactive species such as CH2 that may be playing a vital role in product
formation. No N2 based products were observed in either of the reaction configuration.

Figure 4.6: Acetylene, Ethane, Ethylene production in Reactor Configuration 2,
Power=550 W, Atmospheric Pressure

4.3.3 Comparison between reactor configuration 1 and 2
In terms of CH4 conversion, Reactor configuration-1 does not offer any advantage over Reactor
configuration-2. At 10% CH4 feed, the conversion in both the configuration are around 20%. When
comparing the best scenarios in terms of product formation, that are 20% CH4 feed for configuration-1 and
10% CH4 feed for configuration-2, the H2 production increases from around 0.8% to 1.8% favoring the
reactor configuration-2. The H2 production trend is compared in Figure 4.7.
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Figure 4.7: H2 concentration profile (volume%) against time

As shown in Figure 4.8, the acetylene production is more than doubled in reactor configuration-2. The
selectivity of acetylene over ethane and ethylene is improved considerably. Based on this comparison data,
it can be concluded that Reactor configuration-2 at CH4 feed concentration of 10% is the optimum scenario
for better product selectivity. This is mainly due to the better interaction of Ar plasma afterglow region with
CH4/N2 feed leading to the formation of high reactive species.

4.4 Conclusion
This chapter investigated the effect of CH4 feed concertation and two kinds of reactor configuration on
conversion and product formation in an Ar plasma afterglow. It was concluded that lower CH4 feed
concentration favors acetylene and hydrogen formation due to the higher number of reactive species present
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Figure 4.8: C2 product comparison in vol%

in the afterglow region. The highest CH4 conversion achieved was around 20% irrespective of reactor
configuration. A more detailed study on the long-lived plasma species and their influence on product
distribution and selectivity is presented in Chapter 5.
Despite the experimental results showing that the Ar plasma afterglow do not result in a very high CH4
conversion and simultaneous N2 activation, this kind of reactions still offer several advantages. First,
activating CH4 within the discharge region in this particular waveguide at atmospheric pressure was
observed to be non-sustainable due to overheating of the quartz tube. Hence, utilizing the afterglow seemed
to be a better alternative. Second, after optimizing the reactor configuration to counter-current flow, the
yields of acetylene and Hydrogen improved considerably. Finally, this investigation proved that Ar
afterglow region can activate CH4 in small capacity. The findings of this chapter are a way forward to
designing reactors that can best utilize plasma afterglow regions in activating stable molecules such as CH4
and N2.
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5.

The influence of post-plasma species on the selectivity of ammonia and ethylene in a
microwave enhanced CH4/ N2 /Ar Plasma

5.1 Introduction
Shale gas, one of the unconventional resources of natural gas, is projected to be the major contributor to
carbon free economy around the globe [1]. The escalating extraction technology and government incentives
have made shale gas inexpensive. However, the environmental challenges in its transportation to the current
processing plants has limited its optimum utilization. One way to eliminate this obstruction is to cut down
the transportation of natural gas to the processing plants and convert it to useful products at the production
stage. This can only be achieved through the principles of process intensification [2].
Chemical processing industry is substantially dependent on natural gas as a feedstock. In the process, it has
become one of the major contributors of green-house gas emissions [3]. Process intensification can
substantially upgrade chemical industries to a carbon free and zero waste systems. The basic definition of
an intensified chemical process has broadened from merely reducing the size of the processing plant to a
holistic undertaking that can reduce waste and energy consumption with improved product yield [2][4].
The direct conversion of Methane (CH4), the major component in shale gas, to value-added chemicals can
be qualified as an intensified process, if it is energy efficient, free of unwanted side products (CO 2), and
leads to maximum conversion of CH4 to useful products.
Microwave plasma (MWP) reactor is an emerging technology in line with the principles of process
intensification. It offers several benefits such as fast process dynamics and flexibility, high product yield
with least amount of unwanted by-products and low maintenance cost [5]. Additionally, MWP offers
several advantages over other plasma sources [6]. It does not require electrodes, have the highest electron
density in the discharge region, and high power-to-plasma efficiency [7]. In fact, the direct conversion of
CH4 to acetylene (C2H2) and hydrogen (H2) in MWP reactors have been demonstrated to be energy efficient
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with high yield of the desired product [8][9]. They can be optimized further by changing process parameters
such as MW power and frequency [10], and composition of the feed gas mixture [11]. MWP, being a high
energy discharge, converts CH4 mostly to C2H2, H2 and carbon soot [12]. The products can be upgraded by
placing a catalyst in MWP reactors.
Plasma catalysis can be defined as in-plasma when the catalyst is placed within the discharge region. This
is prevalent in non-thermal plasma sources such as DBD, micro-gap or nano-pulsed electric discharges. Inplasma catalytic conversion of CH4 to C2 products and H2 or ammonia (NH3) have been carried out using
plasma sources such as micro-gap discharge [13] and nano-second pulsed discharge [14]. When the catalyst
is placed away from the discharge cavity, plasma catalysis is termed as post-plasma. Catalytic reactions in
hot plasmas, such as MWP at atmospheric pressure, is only feasible in a post-plasma setup. In this kind of
reactor, some of the plasma species created in the discharge region survive up to the post-plasma region
[15]. Several studies have identified post-plasma species in MWP reactors generated from a feed gas
mixture of CH4 with Argon (Ar) or with Nitrogen (N2), directed at surface coating and nitriding applications
[16–18]. There has been no such study, as per our best knowledge, in direct methane conversion to valuable
products such as C2H4 and NH3.
A synergy of the plasma species with catalyst can be established if the post-plasma species influence the
distribution and selectivity of the final products [19]. An optimum catalyst design can maximize the intermolecular interaction of the plasma species. Hence, MWP catalytic reactor falls in line with the principle
of process intensification [4]. The reactive species with a plasma consist of free electrons, ions, radicals and
excited states of gas molecules. An ideal catalyst would optimize the recombination of these species on its
surface to modify the activity and the selectivity of the reaction [20] [15]. This principle is most useful in
designing an in-plasma catalyst (non-thermal plasma). The CO conversion in a water-gas shift reaction
were much improved on catalyst exposed to DBD plasma [21]. In another reaction, ammonia reforming of
methane showed significant improvement due to plasma-catalyst interactions [22].
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In case of MWP, it is not possible to place a catalyst within the electro-magnetic field at atmospheric
pressure due to the high temperature in the discharge region. Based on numerous evidences of long-lived
plasma species, a catalyst can be designed to influence the recombination of active radicals in the postplasma region. The MW enhanced plasma made from CH4 is known to be rich in CHx and H radicals [23].
A catalyst, placed at the post plasma region, should be capable of hydrogenating these radicals to ethylene,
while preventing over hydrogenation to ethane. The Ag-Pd bimetallic catalyst has been shown to be
efficient in selective hydrogenation of acetylene in an ethylene rich stream [24–26]. Additionally, the
surface defects on ceria nanoparticle is known to improve metal activity in hydrogenation reactions [27–
29].

Figure 5.1: Reaction scheme
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In order to achieve the broader goal of direct utilization of shale gas to make C2H4 and NH3, the most
valuable end products in chemical industry, through process intensification, a lab-scale proof of experiment
is presented in this work as shown in the reaction scheme (Figure 5.1). This article investigates the role of
post plasma species in product distribution and selectivity in a MWP reactor. The plasma is made of equal
mixture (1% by volume, each) of CH4 and N2 balanced with Ar. The active species are identified at the post
plasma region with the help of a non-intrusive optical emission spectrometer (OES). Based on this
identification, a bimetallic catalyst made of Ag and Pd supported on Ceria (Ag-Pd/CeO2) is placed in the
post plasma region and thermally heated to a moderate temperature of 2500C. The change in reaction
behavior is then explained with a detailed reaction mechanism hypothesized based on the kinetic-study
available in literature.
5.2 Materials and methods

5.2.1 Catalyst synthesis and characterization
The metal salts, Palladium Nitrate Dihydrade (40% Pd basis) and Silver Nitrate (> 99%, titration) were
purchased from Sigma Aldrich. The catalyst was prepared using incipient wetness impregnation method.
The appropriate amount of Palladium (Pd) and Silver (Ag) salts were dissolved in deionized water to create
a catalyst composition of 0.5% Pd and 0.5 % Ag metals by weight. Each salt solution was evenly dispersed
over Cerium (IV) oxide (CeO2), (nano powder, <50 nm particle size, Sigma Aldrich). The solid mixer was
first dried for 12 hours at 110o C and then calcined at 550o C for 5 hours at atmospheric pressure.
The Ag, Pd and CeO2 nano particles and their interactions were identified using nano-scale images obtained
from Transmission Electron Microscope (JEOL JEM-2100, TEM). Additionally, X-ray Photoelectron
Spectroscopy (Physical Electronics PHI VersaProbe XPS) was also employed to identify the chemical
composition of the catalyst.

93

5.2.2 Experimental methods

Figure 5.2: Reactor Configuration- 1. Gas cylinder, 2. Regulator, 3. Mass flow controller, 4. Valves, 5.
Quartz tube, 6. Microwave generator, 7. Heated catalyst bed, 8. OES.

The schematic of the experiment can be seen in Figure 2. The feed gas mixture consisted of 1% CH4 and
1% N2, by volume, balance by Ar gas for a total inlet flow rate of 100 ml/min. For the experimental proofof-concept, the concentration of methane was kept low to avoid temperature run-away in laboratory MWP
reactor. In the industrial scale settings, due to the presence of active cooling, higher concentration of
methane can be present in the reactor. The Ar gas was allowed to flow downstream for sufficient amount
of time to purge out any moisture or air from the quartz tube. After putting on the microwave generator, at
a set power of 450 W, an external spark was used to start the Ar plasma. The reactive gas mixture containing
(CH4 and N2) would then be fed into the same quartz tube from a separate inlet point on the tube. The
plasma would immediately change color from light blue (Ar plasma) to bright violet (CH 4 plasma). The
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typical purple color of N2 plasma was not visible under the brightness of violet system emitted by the CH4
plasma.
The catalyst was heated using a furnace (Mellen), equipped with a temperature controller in the post plasma
region, as shown in Figure 5.2. An optical emission spectrometer (OES) with a spectral range of 200-1100
nm, about 1 nm FWHM resolution and equipped with an optical fiber (Ocean Optics, HR2000_ES) was
placed at the same location but only employed in plasma reactions without any catalyst.
5.3 Result and discussion

5.3.1 Identification of post-plasma species using optical emission spectra (OES)

Figure 5.3: Optical Emission Spectra of the post-plasma region in a CH4/N2/Ar microwave plasma
generated at 450 W, atmospheric pressure
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An optical emission spectrometer (OES) was employed to identify the post plasma species in our reaction
system. The OES sensor was placed on the quartz tube around 20 cm away from the MW cavity during the
plasma reaction without any catalyst. The CN violet system (359.2 nm; 388.34 nm; 416.5 nm) and the C2
swan system (473.7 nm; 516.52 nm) were the most dominant peaks observed on the spectra as shown in
Figure 3 [30]. Low intensity peaks of molecular N2 (399.84 nm) , CH (431 nm) and Ar were also detected
[31] [32] [33]. Multiple overlapping peaks between 543-620 nm and at 775.9 nm could not be identified.
The same peaks were also observed in the post plasma region of CH4/Ar plasma. Since the Ar peaks are
usually observed after 650 nm on OES spectra, these unidentified peaks may belong to CH or C2 emissions.

5.3.2 Role of post-plasma species in product formation
Atmospheric CH4/N2/Ar plasmas are known to produce a number of active species and electrons leading to
a complex plasma chemistry. Based on species identified on the OES spectra, we hypothesized a set of
reaction channels leading to the various product formation in each reaction.
In case of the plasma reaction without catalyst, the products formed from CH4/N2/Ar plasma mixture are
HCN, C2H2 and H2. The plasma discharge within the MW cavity initiates the electron-molecule collisions
leading to the activation of CH4 and N2. Depending on the electron (e) energy, CH4 can either rapidly
dissociate into CHx (x=0,1,2,3) and H radicals [13] or get ionized to disintegrate into charged CHx+, C+ and
H species [34][35] as per the equations 5.1-5.9 . The peaks corresponding to H species (486.14 nm, 656.27
nm) are not visible on the OES spectra due to the overlapping peaks of C2 swan system.
𝐶𝐻4 + 𝑒 → 𝑒 + 𝐶𝐻3 + 𝐻

(5.1)

𝐶𝐻4 + 𝑒 → 𝑒 + 𝐶𝐻2 + 𝐻 + 𝐻

(5.2)

𝐶𝐻4 + 𝑒 → 𝑒 + 𝐶𝐻2 + 𝐻2

(5.3)

𝐶𝐻4 + 𝑒 → 𝑒 + 𝐶𝐻 + 𝐻2 + 𝐻

(5.4)

𝐶𝐻4 + 𝑒 → 2𝑒 + 𝐶𝐻4+

(5.5)

𝐶𝐻4 + 𝑒 → 2𝑒 + 𝐶𝐻3+ + 𝐻

(5.6)
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𝐶𝐻4 + 𝑒 → 2𝑒 + 𝐶𝐻2+ + 𝐻2

(5.7)

𝐶𝐻4 + 𝑒 → 2𝑒 + 𝐶𝐻 + + 𝐻 + 𝐻2

(5.8)

𝐶𝐻4 + 𝑒 → 2𝑒 + 𝐶 + + 2𝐻2

(5.9)

The excited N2 molecules can ionize and dissociate to form species such as N2+, N+ and N within the
discharge region [13][35] as shown in equations 5.10-5.11. The distinctive emission bands corresponding
to N2+ at 358.21 nm and N+ at 399.5 nm are not visible on the OES spectra due to the overlapping peaks of
CN violet system. As explained later, the atomic N plays an important role in HCN formation and hence
must be active in the post plasma region.
𝑁2 + 𝑒 → 2𝑒 + 𝑁2+

(5.10)

𝑁2 + 𝑒 → 2𝑒 + 𝑁 + + 𝑁

(5.11)

As shown in Figure 5.3, the strong emissions of C2 swan system indicates that the recombination of CH
radicals continues in the post plasma region (reactions 5.12). This is confirmed by the presence of CH band
on the OES spectra [32]. C2H4 may be produced by recombination of the CH2 radicals as shown in equation
5.13.
𝐶𝐻 + 𝐶𝐻 → 𝐶2 𝐻2

(5.12)

𝐶𝐻2 + 𝐶𝐻2 → 𝐶2 𝐻4

(5.13)

The collisions of atomic N with the CHx radicals can produce HCN either directly (equations 13,16) or
through the highly unstable H2CN molecule (equations 5.17-5.18) [32,35]. It can also be formed through
the direct reaction of CN with activated CH4 species as per the equations 5.16 [36]. This is supported by
the distinct CN emissions on the OES spectra collected from the post plasma region.

97

𝑁 + 𝐶𝐻2 → 𝐻𝐶𝑁 + 𝐻

(5.14)

𝑁 + 𝐶𝐻2 → 𝐶𝑁 + 𝐻2

(5.15)

𝐶𝑁 + 𝐶𝐻4 → 𝐶𝐻3 + 𝐻𝐶𝑁

(5.16)

𝑁 + 𝐶𝐻3 → 𝐻𝐶𝑁 + 𝐻2

(5.17)

𝑁 + 𝐶𝐻3 → 𝐻2 𝐶𝑁 + 𝐻

(5.18)

𝑁 + 𝐻2 𝐶𝑁 → 𝐻𝐶𝑁 + 𝑁𝐻

(5.19)

𝑁𝐻 + 𝑁𝐻 → 𝑁2 + 𝐻2

(5.20)

Figure 5.4: The concentration profile of NH3, HCN, H2 and C2H2 in plasma, plasma + CeO2, and plasma
+ Ag-Pd/CeO2 reactions, atmospheric pressure, catalyst temperature=250 0C
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Ammonia (Figure 4a) and Ethane (Figure 5b) were absent in the product gas mixture of the plasma reaction
without catalyst. The highly unstable CH3 radicals must have rapidly dissociated during the reaction. The
NH species which are the precursors to NH3 molecules, could have recombined to form N2 and H2 as per
equation 20. A small amount of C2H4 (~100 ppm) was also observed during the plasma reaction without
catalyst. Although majority of CH2 radicals were consumed to form CN and HCN (equations 5.14 and
5.15), some may have recombined to form C2H4.
In the second set of CH4/N2/Ar plasma reaction, 0.5 g of calcined and dried Cerium (IV) oxide (CeO2) was
placed approximately 20 cm away from the plasma discharge region and heated to 250 0C (523 K) using a
furnace. The concentration profile of the products can be seen in Figure 5.4. NH3 gas is produced in addition
to HCN, C2H2 and H2 which is unlike the plasma reactions without catalyst. It is evident that the NH radicals
were present in the post plasma region (equation 19) and were able to hydrogenate to NH3 in presence of
the moderately heated CeO2 as shown in equations 5.23-5.26 [37]. The collision of CH4 with ionized N2
leads to the formation of NH radicals as shown in equations 5.21 and 5.22 [32][38].
𝑁2+ + 𝐶𝐻4 → 𝑁2 𝐻 + + 𝐶𝐻3

(5.21)

𝑁2 𝐻 + + 𝑒 → 𝑁𝐻 + 𝐻

(5.22)

𝐶𝑒𝑂2

𝑁𝐻 ∗

(5.23)

𝐻∗

(5.24)

𝐻∗ + 𝐻∗

(5.25)

𝑁𝐻 →

𝐶𝑒𝑂2

𝐻→

𝐶𝑒𝑂2

𝐻2 →

𝐶𝑒𝑂2

𝑁𝐻 ∗ + 𝐻 ∗ + 𝐻 ∗ →

(5.26)

𝑁𝐻3

These radicals can also be formed by the combination of N and H species. The amount of NH3 gas produced
were less than 20 ppm when the same post-plasma catalytic reaction was conducted on N2/H2/Ar plasma.
Since this amount was ten times higher (~ 280 ppm) in case of CH4/N2/Ar plasma, it is highly probable that
the reaction steps shown in equation 5.19, 5.21 and 5.22 were the major source of NH radicals in our
99

reaction system. The OES spectra band for NH radicals (336 nm) was not prominent in the post plasma
region possibly due to its rapid consumption as per the reactions shown in equation 5.20 and equations
5.23-5.26.

The placement of heated CeO2 in the post plasma region had no significant effect on the

concentration profile of HCN, C2H2 and C2H4. As shown in the Figure 5.4(b), the concentration of HCN
(0.1%) remains the same as that in plasma reaction without catalyst.

Figure 5.5: The concentration profile of C2H4 and C2H6,
plasma power- 450 W, catalyst temperature- 250 0C
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The C2H2 concentration reduced slightly from 0.35% in the plasma reaction to 0.31% in the plasma reaction
with CeO2. The H2 concentration decreased from 1.63% in plasma reaction to 1.5 % in plasma reaction
with CeO2 due to its consumption by the NH radicals to form NH3. The C2H4 concentration in the product
gas mixture remained the same as plasma reaction without catalyst.
In the third set of CH4/N2/Ar plasma reaction, 0.5 g of Ag-Pd/Ce2O catalyst was loaded in the quartz tube
at a distance of 20 cm from the discharge region. It was also heated to 250 0C (523 K) using a furnace. As
shown in the Figure 5.5, considerable amount of C2H4 (0.08%) and C2H6 (0.03%) were formed in addition
to H2, HCN, and NH3. The amount of C2H2 in the product gas mixture significantly decreased from 0.31%
to less than 0.05%. Since all the CH radical recombination occurs in the post plasma region, it is evident
that Ag-Pd/CeO2 plays an important role in hydrogenating these radical to produce C2H4 and C2H6.
The selective hydrogenation of C2H2 on a typical bimetallic catalyst such as Ag-Pd/CeO2 is believed to
proceed via the adsorption of C2H2 on the catalyst surface. The chemisorbed acetylene (C2H2*) is then
converted to vinyl (CHCH2*) by dissociative adsorption of hydrogen (H*). CHCH2* radical is subsequently
hydrogenated on the catalyst surface to produce C2H4. The adsorbed ethylene (C2H4*) can further
hydrogenate in presence of H* to generate C2H6 [39]. In our reaction system, the vinyl radicals may have
formed directly from the adsorption of the post-plasma species-CH and CH2 on the active metal sites
followed by their hydrogenation to C2H4 and C2H6 according to the reactions shown in equations 5.27-5.33.
𝐴𝑔−𝑃𝑑/𝐶𝑒𝑂2

𝐶𝐻 →

𝐴𝑔−𝑃𝑑/𝐶𝑒𝑂2

𝐶𝐻2 →

𝐶𝐻 ∗

(5.27)

𝐶𝐻2∗

(5.28)

𝐴𝑔−𝑃𝑑/𝐶𝑒𝑂2

𝐶𝐻 ∗ + 𝐶𝐻2∗ →

𝐶𝐻𝐶𝐻2∗

𝐴𝑔−𝑃𝑑/𝐶𝑒𝑂2

𝐶𝐻𝐶𝐻2∗ + 𝐻 ∗ →

(5.29)

𝐶2 𝐻4∗

(5.30)

𝐶2 𝐻4∗ → 𝐶2 𝐻4
𝐴𝑔−𝑃𝑑/𝐶𝑒𝑂2

𝐶2 𝐻4∗ + 𝐻 ∗ + 𝐻 ∗ →

(5.31)
𝐶2 𝐻6∗

(5.32)
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𝐶2 𝐻6∗ → 𝐶2 𝐻6

(5.33)

The formation of H* on Ag-Pd/CeO2 may have been similar to that on CeO2 as shown in equations 5.24 and
5.25.
The active bimetallic (Ag-Pd) sites of the moderately heated catalyst must have redirected the post-plasma
CHx (x=0,1) radicals towards C2 production. Since CHx radicals are required to form HCN (equations 5.145.15), considerable decrease in HCN concentration was observed in this set of post-plasma reaction. As
shown in Figure 5.4(b), the HCN concentration in the product gas mixture decreases to around 0.06% in
plasma with Ag-Pd/CeO2 reaction. The NH3 concentration decreased slightly from 280 ppm to around 200
ppm (Figure 5.4) which is possibly due to redirection of activated H2 species (H, H*) to vinyl hydrogenation.
It is important to note that HCN may have hydrogenated to NH3 and CH4 in presence of the heated catalyst
[40,41][22] but the NH3 concentration do not increase in the plasma reactions with Ag-Pd/CeO2 when
compared to the one with CeO2. Additionally, no CH4 was observed in the product gas mixture in all the
three set of plasma reactions. Hence, the reduction in HCN concentration in the product gas stream is
primarily due to the redirection of CH and CH2 radicals to C2 products as shown in equation 5.27-5.33.

5.3.3

Influence of post-plasma species on C2 selectivity

A catalytic reaction without plasma was conducted to further understand the significance of post-plasma
species in our reaction system. The Ag-Pd/CeO2 catalyst was heated to 2500C (523 K) and fed with a gas
mixture containing 1.5% H2, 1% N2, 0.25% C2H2 balanced with Ar. The content of this feed gas was similar
to the product gas stream from CH4/N2/Ar plasma reaction. The change in C2 product (C2H2, C2H4, C2H6)
distribution between three reaction scenarios: plasma, catalyst, and plasma with catalyst can be seen in
Figure 5.6.
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Figure 5.6: The comparison of C2 concentration in the product gas mixture in plasma,
catalyst and plasma + catalyst reaction

C2H2 was the major C2 product (0.31%) with a small amount of C2H4 (~ 300 ppm) in case of CH4/N2/Ar
plasma reaction. The catalytic reaction without plasma produced 0.2% C2H6 with small amounts of C2H4
(0.033%) and unconverted C2H2 (0.039%). At the plasma reaction conducted with Ad-Pd/CeO2 placed in
the post plasma region, the amount C2H4 increased considerably to around 0.08%, while some unconverted
C2H2 (0.038%) remained in the product stream. The amount of C2H6 reduced to less than 0.04%.
This reaction behavior among the C2 products can be attributed to the post plasma species and their
influence on the active sites of the heated Ag-Pd/CeO2 catalyst. The high selectivity towards C2H6 results
from the over hydrogenation of the adsorbed C2H4 (equation 5.32,5.33) and/or the vinyl intermediates. The
physical conditions in the catalytic reaction without plasma, such as catalyst temperature, atmospheric
pressure, and H2 concentration ratio to C2H2, must have favored the over hydrogenation mechanism leading
to high C2H6 production. The availability of hydrogen on the catalyst surface may directly influence the
over hydrogenation of adsorbed C2H4/vinyl radicals [39]. Some studies have suggested that certain
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intermediate species such as ethylidyne, derived from vinyl radicals, can occupy active metal sites. This
limits the availability of H* on the catalyst surface, preventing over hydrogenation and favoring C2H4
production [42][43]. During the post-plasma reaction on the heated Ag-Pd/CeO2, it can be hypothesized
that the availability of adsorbed H2 species (H*) changes due to simultaneous adsorption of the NH radicals
on the catalyst surface (equation 5.23-5.26). The NH* must have played a similar role in occupying the
active metal sites, reducing the H* availability and hence promoting higher C2H4 production as shown in
Figure 5.6.
In order to improve the selective hydrogenation of acetylene to ethylene while preventing overhydrogenation to ethane, many efforts have been employed towards catalyst design [44–47]. It is interesting
to note that a better selectivity towards ethylene can also be achieved by the influence of post-plasma
species such as CHx radicals on the catalytic activity.
5.4

Catalyst characterization

5.4.1 XPS analysis

Figure 5.7: XPS spectra of the fresh and reduced catalyst, Ag3d (a) and Pd3d (b)
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The XPS spectra of the fresh and reduced Ag-Pd/CeO2 catalyst is shown in Figure 5.7. The peak
for the Ag+ at the BE of 373.5 eV is clearly visible on the reduced Ag-Pd/CeO2 catalyst (Figure
5.7a). This is indicative of interaction of ceria with the Ag metal particles on reduction of catalyst
by hydrogen at 250 oC [48].
Similarly, for the Pd3d XPS spectrum (Figure 5.7b), peaks for Pd0, PdO, and PdxCe1-xO2 are visible
at 335.8, 331.0, 338.1 eV respectively on the fresh Ag-Pd/CeO2 catalyst. The Pd0 peak disappear
on the reduced catalyst while the PdO and PdxCe1-xO2 peaks became prominent. This is indicative
of strong interaction of the metals with the support after reduction with hydrogen at the reaction
temperature [49]. Evidently, there is a shift in the overall 3d peaks of Ag and Pd towards the left
side of the spectra of the reduced catalyst. This may have occurred due to the change in oxidation
states of the CeO2 and the resultant change in the metal-support interactions.

5.4.2 TEM imaging

The high-resolution TEM images of the bimetallic catalyst can be seen in Figure 5.8. The particle size
distribution was calculated by measuring the diameter of 100 particles randomly selected form the image.
The mean particle size was calculated to be 1.8 nm. As shown in Figure 5.8a, the particle distribution is not
uniform. The larger metal particles visible on the Figure 5.8b could be due to the aggregation of the metal
particles. The typical nano-structure of ceria support is clearly visible in the image obtained at the resolution
of 20 nm (Figure 5.8b).
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a

b

a

b

Figure 5.8: TEM image of Ag-Pd/ Ceria catalyst at a resolution of 50 nm (a), at 20nm (b)

5.4 Conclusion
This article has successfully demonstrated the synergetic effect of post-plasma species and moderately
heated catalyst to directly convert CH4 to valuable products such as C2H4 and NH3. MWP is very well
established as fast and efficient conversion of CH4 to C2H2 and H2. In this work, we demonstrated the
advantages of introducing a catalyst to the post-plasma region. There was steady production of C2H4 and
NH3. This change in product distribution were attributed to the interaction of post-plasma species to the
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active metal sites. A thorough reaction chemistry was devised based on the literature available on kinetic
data and was used to explain the higher selectivity of C2H4 in post-plasma catalytic reaction.
In an effort to decarbonize the chemical industry, a significant amount of effort is being directed towards
non-oxidative and direct utilization of CH4. Since natural gas is indeed an important raw material for
chemicals, its efficient utilization can significantly reduce the carbon footprint of chemical processing
plants. The proof-of-experiment presented in this paper adheres to the principle of process intensification
in converting methane to two very important end-products, NH3 and C2H4 without CO2 emissions. While,
it is obvious that such a reactor cannot compete with a large-scale production plant, it is a way-forward to
small-scale processing units that can operate at the production stage of natural gas reserves, especially the
ones that retain many environmental challenges in the transportation stage. The hypothesized reaction
mechanisms clearly demonstrate the significant role post-plasma species can play in influence product
selectivity. This article opens up the scope of designing catalyst for post-plasma reactions, a field that is
predominantly reserved for in-plasma catalysis.
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